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The research in this thesis is focused on the combustion of conventional (petroleum-
based) jet fuels, alternative (synthetic or bio-derived) fuels, and pure fuel components at low 
combustion temperatures (500 – 725K) and under stoichiometric to fuel lean conditions. These 
conditions are of interest because they occur at the edges of stable engine operation, which are 
sensitive to ignition and combustion processes. Alternative fuels from various feedstocks are 
proposed as substitutes for conventional fuels. These alternative fuels can vary significantly in 
physical and/or chemical properties. In order to incorporate alternative fuels into current energy 
conversion systems, certification of these fuels must be obtained, which requires detailed 
understanding of the fuel properties and combustion characteristics. This research examines 
aviation fuels, where combustion experiments were conducted utilizing a rapid compression 
machine and a shock tube that enable acquisition of zero-dimensional ignition delay data for 
subsequent analysis of gas-phase reactivity. The data collected captures the effect of the 
chemical ignition process, which supports the creation and/or refinement of kinetic models as a 
validation comparison to enable optimization of current and future engine technologies. 
Over the six-year course of this project, ignition delay measurements of conventional jet 
fuels, alternative fuels, specially formulated surrogate fuels, and 50/50 fuel blends were 
conducted over a wide pressure (5 – 20 bar) and equivalence ratio (0.25 ≤ ϕ ≤ 1.0) range in the 
low temperature region. All measurements were accompanied with gas chromatography and 
mass spectrometer (GC/MS) data to link performance characteristics with chemometric 
signatures of the fuel. The low temperature combustion environment fosters a complex mix of 
chemical reactions which can significantly influence the combustion characteristics under engine 
operating conditions. At the lowest temperatures (T<725K), classical kinetic modeling for 
alkanes suggests that reactivity is controlled by low-temperature chain branching: R + O2 ↔ RO2 
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↔ QOOH (+O2) ↔ OOQOOH → 2OH + products. The variation and/or similarities in ignition 
behavior observed amongst fuels is attributed to their different concentrations of fuel 
components, whose fractions control the global rate of low-temperature chain branching. 
From the array of fuels tested at the various conditions, the findings included the 
presence of negative-temperature coefficient behavior especially at low pressures and lean fuel 
mixtures. In addition, the similarity in reactivity of all conventional aviation fuels studied (Jet-A, 
JP-5, and JP-8) at low temperatures was noted. The petroleum based aviation fuels clearly 
exhibit longer ignition delays than most alternative fuels. The shorter ignition delays and 
corresponding enhanced reactivity of the alternative fuels is generally due to the high paraffinic 
content relative to conventional fuels. Other notable behaviors of alternative fuels and blends 
include the effect of branching in isoparaffins, where low levels of branching showed similar 
effects to highly n-paraffinic fuels, while significant branching showed a strong reduction in 
reactivity. For specially formulated surrogate fuels, the influence of aromatic content on ignition 
delay was apparent with increased delays due to radical scavenging. Despite the dominating 
effects of some chemical structures, in general, the results indicate the possibility for future use 
of blends in actual flight conditions. In addition, exploring fuel concentration with the 
equivalence ratio at stoichiometric and lean (ϕ = 1.0 and ϕ = 0.5) conditions yields achievement 
of higher temperatures after the first-stage heat release which then rapidly accelerates the main 
ignition event. At further lean conditions (ϕ = 0.25), experiments revealed interesting three-stage 
ignition results which were examined further in kinetic simulations. 
Several mechanisms were examined to compare current jet fuel surrogate in the literature 
to experimental results. Jet-A and kerosene-type surrogate fuels and kinetic models were used to 
model JP-5 ignition delay times. The Dooley Jet-A and Aachen surrogates examined predicted 
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the general trends found experimentally, but did not replicate the ignition delay values found. 
These results were consistent with others in the research community. In addition, kinetic models 
were used to elaborate on three-stage ignition behavior noted at low-temperature, lean 
combustion of conventional and alternative jet fuels. Of the three mechanisms evaluated the 
results from the Ranzi mechanism [1] were in close agreement to experimental results with 
respect to capturing the ignition delay time of the main ignition event and first order correlations 
of the ignition profiles. CO and H2 reactions appear to be the main cause of the third-stage of 
ignition. An analysis of the reactions suggests that CO−H2−O2 kinetics are the driving force for 
the third-stage ignition seen in the ϕ = 0.25 cases. 
The final aspect of my graduate research focuses on pure components in the kerosene fuel 
range, with a goal of improving understanding of the effects of specific chemical structures on 
the ignition of fuels. The pure components selected either replicate prominent species in 
petroleum-based jet fuel or are species of interest to the research community. The pure 
components autoignition properties were compared to current kinetic models available for the 
species themselves or ones of similar bonding; to provide insight into the accuracy of the models 
at low temperature conditions. Overall the models did a good job of replicating trends, but 
differences were apparent in the prediction of the ignition delays. This study prompts future 
work to create a jet fuel surrogate that better matches the molecular weight of components found 
in conventional aviation fuels, where to date, other surrogates contain components at the limits of 
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Chapter 1 Introduction 
1.1 Background and Motivation for Research 
 A major issue since the dawn of human civilization has been energy. A significant 
portion of present-day energy concerns focus specifically around petroleum-based fuels, which 
have been the staple of power production for over a century. Petroleum fuels are a product of 
refined crude oil, resulting in a mixture of hydrocarbons and organic matter. Since crude oil 
feedstocks to the refining process can fluctuate in composition (based on region, well type, time 
of year), variations in final fuel composition are common. However, because of refining 
restrictions on the separation, conversion, and treatment processes, the most prevalent 
compounds found in petroleum fuels are paraffins (alkanes), olefins (alkenes), napthenes 
(cycloalkanes), and aromatics [2]. Generally, fuels used in current combustion engines are 
comprised mostly of paraffins (<80%). Three classes of fuels result from the refining process: 
gasoline, kerosene, and diesel, where each class differs from one another in carbon number range 
composition, mainly from variable carbon chain lengths [3]. Gasoline contains 5-12 carbons per 
molecule, kerosene consists primarily of 7-16 carbons per molecule, and diesel is the heaviest 
with 10-22 carbons per molecule [3]. Because of the varying carbon chain lengths and 
compounds present, each fuel has a different energy density. Energy density is the amount of 
energy stored in a system, and is measured on either a mass or volume basis. In general, longer 
carbon chains and higher bond orders contain greater amounts of stored energy, typically 
yielding a greater energy density. Possibly the greatest advantage to petroleum based fuels is the 
current ease of refining, producing, distributing, and storing a high energy density fuel, which to 
date has been unrivaled. 
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 Despite the high energetic content and ease of distribution of petroleum fuels, 
combustion of this fuel type has recently been linked to harmful environmental effects. The 
burning of petroleum fuels is cited as a major contributor to global warming because the 
production of carbon dioxide, along with other greenhouse gases [4, 5]. A consequence of 
burning copious quantities of crude oil fuels is that the environment cannot naturally sequester 
all the released carbon. As a result, the gases accumulate in the Earth’s atmosphere causing 
rising temperatures, which is believed to be a major contribution to global climate change [6]. In 
addition to environmental issues, the concept of peak oil and the influence of the Organization of 
the Petroleum Exporting Countries (OPEC) have created further challenges. The concept of peak 
oil was first introduced by Hubbert in 1956 to describe when crude oil production would no 
longer increase because of difficulties extracting and limited wells of crude oil in the United 
States [7]. Since Hubbert’s model accurately predicted U.S. peak oil production, it was then 
applied to world-wide production, which estimated that peak oil occurred between 2005-2008 
[7]. New technologies such as improved fracking techniques and the introduction of non-
conventional petroleum resources, specifically oil sands and oil shale have increased 
conventional oil production in recent years, but the challenges in extracting crude oil are only 
expected to increase in the coming years [8]. Therefore, because the natural process for making 
crude oil takes eons, depletion is occurring at the rate of consumption, and consumption 
increases annually with industrialization of developing nations. With decreasing fuel supplies, 
nations that have crude oil affordably accessible will become heavily relied on by other nations 
as a petroleum source. Therefore, OPEC, which consists of several of the World’s top oil 
producing nations, can use their market clout to influence oil prices worldwide [9]. As crude oil 
becomes more limited, prices are only expected to rise, which brings political turmoil over oil 
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production and threatens supply chains. For these reasons, a surge in the development of 
alternative energies is underway, with hopes of alleviating the current dependence on crude oil 
and providing a solution to an impending energy crisis. 
1.1.1 Alternative Fuels 
A multitude of alternative energy sources have been proposed as possible solutions to the 
culminating supply issues of petroleum fuels that both military and commercial sectors are 
expected to encounter. This manuscript defines “alternative energy” as sources originating from 
non-petroleum feedstocks and will examine synthetic liquid fuels that are considered viable, 
near-term replacements to petroleum transportation fuels. Presently, the most attractive 
alternative energy that fits this description is biofuels. Biofuels are an energy source derived 
from nonpetroleum sources, generally living matter, and are commonly referred to as a 
renewable source of energy. The term “biofuels” generally encompass a wide range of 
alternative fuels which include biodiesel, bioethanol, and some synthetic fuels. Each of these 
fuels possess certain unique advantages and disadvantages; however, they all possess three 
coinciding benefits which are the primary reasons for the strong promotion of the advancement 
of these fuels [10]. The first reason is that biofuels can improve energy independence and energy 
security. Reliance on politically and/or socially unstable or unreliable energy suppliers can create 
problems regarding energy availability for countries dependent on imports. Domestically 
produced biofuels can mitigate this concern. The second benefit of biofuels is that the net 
emissions from biofuel production have been reported to be remarkably lower than that of 
petroleum based fuels, which aids climate change management [5]. The final shared advantage is 
that biofuels can help increase farm income and contribute to rural development through the 
implementation of biorefineries [10]. Because of the promise biofuels possess, the limiting 
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factors of which biofuel to use as a transportation fuel is based on the capabilities of the fuel for 
use in current transportation infrastructure, as well as the costs of fuel production. 
Synthetic fuels are bio-derived fuels that have undergone thermochemical processing to 
yield a hydrocarbon end product. Although the production of synthetic fuels is currently limited 
and as a result not very competitive with petroleum transportation fuels, there are several key 
advantages to using synthetic fuels over other biofuels, like ethanol. The first benefit is that 
because the final product is a hydrocarbon, synthetic fuel can be compatible with the current 
transportation infrastructure. The significant overhaul of the pipeline system that would be 
required with other alternative fuels, like ethanol because of the corrosive nature of the fuel, is 
not needed. In addition, because of controllability features in the thermochemical process, the 
produced fuel can be tailored to suitably replace any of the transportation fuels: gasoline, 
kerosene, or diesel. Another advantage to producing synthetic fuels is that the fuel energy 
content sees little to no reduction. If improvements in the production of synthetic fuels are made, 
then the synthetic fuel only has to be a comparable price to conventional fuels to create a 
competitive product. Finally, synthetic fuels, despite being hydrocarbon fuels, are cleaner 
burning fuels then petroleum fuels because of cleaning technologies built into the 
thermochemical process which remove significant nitrogen and sulfur content that are the main 
sources of pollutants from conventional fuels [11].  
One of the major synthetic fuels produced are Fischer-Tropsch (FT) fuels. The Fischer-
Tropsch process first emerged in Germany during World War II because the Germans could not 
import enough petroleum fuels for the war effort as the result of embargos [3].  Since then, the 
process has been refined and is utilized by companies, especially Sasol, a South African oil and 
gas company [12]. The FT process follows the following reaction (2n + 1)H2 + nCO =
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CnH(2n+2) + nH2O in order to produce the synthetic fuel [13, 14]. As evident from the reaction, 
the syngas ratio of hydrogen and carbon monoxide decides the product formed, where more 
hydrogen is needed to create larger hydrocarbon chains. Since the reactants in the process only 
require hydrogen and carbon monoxide any hydrocarbon based matter or gas can be used as an 
input in to the process. Commonly used raw materials inputs into the FT process are coal or 
natural gas; however, gasification of biomass and cellulosic feedstocks have been utilized, which 
would classify some FT fuels as a biofuels [8]. Once the FT process is completed the resultant 
hydrocarbons are selectively isomerized and cracked to form the desired end product. This 
document will investigate two FT fuels one made by Sasol’s high temperature FT process, and 
one produced by Shell from their middle distillates synthesis process. In addition, three 
paraffinic solvents produced by Sasol will be investigated. 
Another synthetic fuel production method generates alcohol-based biofuel, which is 
commonly referred to as alcohol to jet (ATJ). In this process, hydrocarbons are produced from 
alcohols with the aid of thermochemical reactions to produce the desired carbon length end 
product. The alcohol precursor can be produced in a number of ways: One approach is to convert 
carbon monoxide into alcohol using micro-organisms. In another method, a sugar-containing 
solution is obtained from biomass and then the solution is subsequently converted into alcohol by 
a fermentation process [15]. This manuscript will investigate one ATJ fuel, which was produced 
using the latter of the two methods. 
It is also possible to bypass the alcohol phase entirely, which results in a new class of 
biofuels known as direct sugar to hydrocarbon (DSHC) fuels. One example of the DSHC method 
is where microorganisms are genetically modified to process sugar molecules so that they can 
subsequently be converted directly into hydrocarbons [16]. The hydrocarbons can then undergo 
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processing, generally hydrogenation, to produce a fuel end product. This manuscript investigates 
one fuel produced using this method, resulting in farnesane. 
The hydroprocessed renewable jet (HRJ) fuel process entails cleaned oil from the 
feedstock, which contains triglycerides and fatty acids, undergoing deoxygenation. This step 
replaces oxygen with hydrogen, resulting in hydrocarbons that are then cracked to reduce the 
long carbon chains to a kerosene consistency. The resulting product is the HRJ fuel, which is 
also known as synthetic paraffinic kerosene (SPK) [17]. Camelina is an oilseed plant that has 
seen increased interest as a feedstock for biofuel production because of its relatively short growth 
period and high oil content (35-40%) [17]. On the other hand, algae are single celled organisms 
that can efficiently produce a very high oil content in harsh conditions such as non-arable land or 
non-potable water [17]. The United States Air Force (USAF) and United States Navy (USN) are 
studying HRJ fuel from camelina to replace there conventional jet propellant fuels JP-8 and JP-5, 
respectively; while the USN is also interested in an algae-derived diesel to replace their 
conventional maritime diesel fuel, F-76.   
Despite the aforementioned advantages, biofuels currently have issues relative to 
economic viability and use in combustion systems. The production process for biofuels is more 
expensive than conventional fuel production methods that process crude oil into fuel. For 
example, in 2010, the USN paid $67.50 and $425 per gallon of camelina and algae based fuels, 
respectively [18]. This pales in comparison to the 2011 price of JP-5 and F-76, which were $3.05 
and $3.02 per gallon, respectively [19]. However, under high oil prices (~$100/bbl) studies have 
shown that the process can become economically viable [20]. If the production process costs can 
become comparable with current crude oil production, another issue lies in finding the land and 
water necessary to support large-scale production of bio-derived feedstocks [8]. Presently, 
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biofuels appear viable as a means to offset some crude oil fuels, as proposed by the U.S. military, 
not completely replace them. Combustion issues with biofuels mainly exist because of the 
intrinsic nature of the fuel. Biofuels generally have a lower energy density than petroleum based 
fuels, meaning less engine power and vehicle range, which is crucial in military situations [3]. In 
addition, because biofuels are a relatively new class of fuels, little is known about their 
combustion properties, which are vital for engine combustion control timing and kinetic 
modelling predictions. 
1.1.2 United States Military Goals 
The United States Department of Defense (DoD) has taken the aforementioned concerns 
with petroleum fuels into consideration and initiated several programs in an effort to reduce fuel 
consumption and the corresponding environmental footprint. Figure 1.1 shows a breakdown of 
the Pentagon’s estimates that armed forces consume more than 5 billion gallons of crude oil 
based fuel annually, which accounts for over 90% of the federal government and about 2% of the 
United States fuel consumption [18, 21, 22]. The USAF and USN set extremely ambitious goals 
to reduce petroleum utilization. The overall goal of both military branches is to achieve 50% of 
their energy consumption from alternative sources, which are produced domestically or militarily 
Figure 1.1. Breakdown of the petroleum fuel consumption of the United State military. 
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by the year 2020. The USN is heavily dependent upon petroleum, which accounts for 
approximately 57% of their total energy consumption [22].  Of that 57%, around 95% of USN 
fuel purchases are concentrated on two petroleum fuels, JP-5, a kerosene based aviation fuel and 
F-76, a distillate marine fuel [9]. In order to decrease petroleum use, the USN would like to use, 
50/50 blends of conventional fuels (JP-5 or F-76) with alternative fuels. Since the introduction of 
their “green” initiatives program in 2009 [22], the USN has made great strides pursuing 
alternative fuels for drop-in use in tactical systems. As part of this energy plan, demonstrations 
of tactical systems using conventional fuels blended with renewable alternative fuels will provide 
benchmarks towards the 2020 goal [18, 23]. Reducing petroleum consumption increases energy 
security and independence and decreases the USN’s reliance on vulnerable foreign fuel supplies, 
which can be prone to intentional, accidental, or market disruptions [22]. In addition, a study 
conducted by National Defense Research Institute [9] states that the DOD’s goals for alternative 
fuel production could provide numerous national benefits. Encouraging early production of 
renewable energy could attract investors and developers, which could lead to commercialization, 
creating competition for the petroleum industry. Thus, not only would the military have a more 
secure fuel source; but also, a significant reduction in the ability of OPEC to assert its influence 
on fuel production and prices, benefiting the military and civilians. Finding suitable drop-in 
replacements for US military fuels could serve as a vital component in decreasing petroleum 
utilization nationally. However, current alternative fuel production is limited, expensive, and the 
fuels lack data for comparability and assessment relative to conventional fuels. 
1.2 Research Objectives 
The main objective of this work is to investigate the ignition and oxidation chemistry of 
alternative distillate fuels and components and compare them to conventional jet and diesel fuels. 
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In order to achieve this goal, a combustion facility was created at the University of Illinois at 
Urbana-Champaign (UIUC) to enable the acquisition of high quality data over a wide range of 
experimental conditions. The experimental setup of the rapid compression machine from Michigan 
State University (MSU), where I began my research studies, was replicated at UIUC, requiring 
rebuilding and refinement of the experimental apparatus, controls, and data acquisition systems. In 
addition, to further expand autoignition test capabilities, a shock tube was designed, built, and 
programmed. The creation of the combustion facility at UIUC enabled investigation of the ignition 
characteristics of kerosene type fuels and components. 
The ignition characteristics of conventional jet fuels served as a baseline for comparison 
of the combustion of alternative jet fuels and components. The results of these experiments 
yielded the first known kinetic ignition data for some of the jet fuels and surrogates investigated. 
The objective of these tests was to gather data to determine drop-in feasibility of alternative fuels 
and investigate specific features of the fuels that could influence the autoignition properties. This 
was accomplished by conducting experiments over a variety of pressures and equivalence ratios. 
In addition, chemical kinetics simulations were performed to compare with the experimental 
results. The simulations facilitated a deeper examination of the combustion chemistry, providing 
additional insight into key chemical components in the fuels that influence the combustion 
chemistry pathways, resulting in significant variations in ignition. The collection and reporting of 
the data on fuels and components is of interest to the combustion scientific community to aid in the 
improvement and advancements of kinetic models that support development of surrogate fuels and 
engine simulations needed to expedite integration of the fuels into the aviation market. 
To support the possible adoption of biodiesels in the U.S. military, the ignition 
characteristics of a conventional diesel fuel and alternative algae derived fuel are investigated. 
The ignition measurements are made by fuel spray in a constant pressure flow chamber in a test 
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mode that enable observation of the practical ignition behavior of a fuel under realistic engine 
conditions.  
1.3 Dissertation Structure 
This dissertation is composed of nine chapters, and the scope of the content is described 
in the previous section. Chapter 2 is devoted to a description and review of the experimental 
devices used to acquire data, including utilized test methods and calculation of pertinent data for 
each of these devices. Chapter 3 examines the chemistry of alkane oxidation and describes the 
chemical kinetics setup used in simulations to compare to experimental data. Chapter 4 presents 
data regarding the autoignition characteristics of conventional military and commercial jet fuels; 
the data are used to compare the conventional fuels amongst one another and serves as a baseline 
for comparison to alternative fuels ignition properties examined in subsequent chapters. Chapter 
5 examines the autoignition characteristics of HRJ and FT fuels being considered for use in 
blending by the USAF and USN. Neat and blended fuel experiments were conducted and 
compared to the conventional fuels to examine the drop-in feasibility. Chapter 6 presents an 
investigation of solvents and surrogate fuels with specific chemical compositions to examine the 
effects that interesting features can have on ignition. Chapter 7 investigates jet fuel relevant pure 
components and chemical simulations to investigate the effects of components on ignition 
delays. Chapter 8 explores USN conventional and algae-derived diesel fuel sprays at elevated 
temperature and pressures, performed in collaboration with the Army Research Laboratory 
(ARL) at Aberdeen Proving Ground, Maryland. In addition, high-speed imaging was conducted 
to gain insight into the ignition properties. Concluding remarks and suggestions for future work 
appear in Chapter 9.  
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Chapter 2 Experimental Devices and Testing Protocols 
In order to test the adequacy of alternative fuels as blends or drop-in fuel replacements 
for military applications, three evaluations are needed: 1) Fuel and component 2) Engine 
(combustion); and 3) Tactical systems [24]. Fuel and component testing examines the chemical 
composition, physical properties, and fuel performance and durability. An example of durability 
examined in this evaluation step is the lubricity of the fuel, where poor fuel lubricity can cause 
increased wear rates on fuel injectors and injection pumps, thereby decreasing the lifetime of the 
devices. The third step, tactical systems, is the use of the fuels in actual vehicles used by the 
military to assess the operability and performance of alternative fuels in comparison to the 
conventional fuels. This assessment is usually carried out in demonstrations, one example is the 
USN operating an F/A-18 Super Hornet using bio-based (camelina seed) HRJ-5 fuel in 50/50 
blends with JP-5 [25]. This document concentrates on investigating the second evaluation need, 
which is combustion assessment of the fuels. The process involves examining fuel ignitability 
and fuel combustion of alternative fuels that could cause issues in engines, such as fuel cetane 
ratings, where too low a cetane number may cause issues with cold-starting or degraded 
performance of an engine. Combustion characteristics of fuels can be measured by several 
different apparatuses each with its advantages and disadvantages. The devices used to conduct 
these evaluations are discussed in this chapter. 
2.1 Rapid Compression Machine 
A rapid compression machine (RCM) is a combustion device that simulates the 
compression stroke of an internal combustion engine, where a gaseous mixture is compressed to 
increase pressure and temperature. Most RCMs operate with a compression stroke duration 
between 20-30 ms [26]. The rapid compression is desired to reduce the potential for chemical 
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reactions to occur during compression and to reduce heat losses, which enables adiabatic 
assumptions to be reasonably used. One of the main advantages to using a RCM is the low-
temperature range (500K to 750K) of operation, which is an important area for start-up and lean 
blow-out conditions in engine systems. Under these low temperature conditions, ignition delays 
are generally on the order of 10’s of milliseconds in contrast to higher temperature conditions 
where ignition delays are a fraction of this time. As a result, the temperature conditions within 
the RCM need to remain fairly constant for an extended period of time, because the duration of 
the combustion experiment can last for up to approximately 100 ms, which allows for the 
monitoring of chemical reactions over time [26-28]. This temperature range is of practical 
importance to current combustion devices, as well as, advanced systems such as homogenous 
charge compression ignition (HCCI) engines, where fuel and air are well-mixed prior to 
compression and then ignite via autoignition [26, 29, 30]. Additionally, in this temperature range, 
interesting (fuel dependent) combustion phenomena occur such as multistage ignitions and 
negative temperature coefficients (NTC). Another advantage to using a RCM is that a pressure 
trace of the combustion event is the primary experimental data acquired. This correlates to a 
direct measurement of ignition delays, an important autoignition characteristic that is discussed 
in depth in a later section. In addition, most RCMs have the option for optically accessible 
windows in the combustion chamber area which enable a range of optical diagnostics to be 
conducted providing insight into combustion product formation, temperature and heat release 
measurements, some of which include spectroscopy, laser induced fluorescence (LIF), and color 
pyromerty [29, 31-33]. 
Although the RCM has some tremendous advantages, there are disadvantages. One issue 
is the difficulty to measure temperature inside the combustion chamber. Because the 
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compression and combustion event occur so rapidly, measuring instantaneous temperatures is 
currently not feasible [26]. As a result, the common practice is to calculate temperature from the 
experimental pressure trace. In order to determine the temperature an adiabatic core hypothesis is 
used. For the hypothesis to be true, heat losses to the walls during and after compression are 
considered to occur only at a thin boundary by the walls, meaning the compression of the core 
occurs isentropically [34]. Estimations made by Donovan et al. [27] show that the core region 
occupies approximately 70% of the compressed combustion region. If the core region of the 
combustion chamber is truly unaffected, the core will contain a uniform temperature and the 














     
Eqn. 1 
where T is temperature, P is pressure, γ is the temperature-dependent specific heat ratio, 0 
denotes initial conditions, and c denotes final conditions. Therefore, changes in the compressed 
temperature can be achieved in three different ways. The first is varying the initial temperature; 
however, this is not typically done since a minimum temperature is required in order to fully 
vaporize the fuel allowing a zero-dimensional assumption to be utilized. Therefore, the smallest 
compression ratio at the vaporization temperature will provide the lowest attainable combustion 
temperature, and higher temperatures can easily be achieved by altering stroke length and/or the 
clearance volume. The second adjustment is operating at various initial pressures, which is a 
common practice to attain various compressed pressures. The third alteration is to the specific 
heat ratio. This can be accomplished by altering the gases used in the combustion mixture. 
Typically, only inert gases are changed since they do not contribute to the combustion process. 
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Another issue results from the fluid 
dynamics and heat loss in various RCMs, causing 
disparities in data collected for RCMs reported as 
being under the same conditions [28, 29, 35]. The 
major reason for this issue is the breakdown in the 
adiabatic core assumption, because of a rollup 
vortex that forms during the compression stroke 
which is shown in Figure 2.1. This causes the cool 
boundary layer gases to become entrapped, which 
then mix with the core gas, resulting in the 
breakdown of the adiabatic core assumption. As a 
result, the assumption is no longer valid because of the fluid dynamics experienced during the 
compression stroke; the calculated temperature would be erroneous for the initial conditions 
causing disparities in quantitative results. Solutions to the rollup boundary effects have been 
found by using a modified piston, in place of a flat piston. Two of the modified piston designs 
are a sabot [27] and creviced piston [28, 35, 36]. Both pistons eliminate the boundary layer 
rollup, allowing the adiabatic hypothesis to be applied to the core gas region. Controlling well-
defined thermodynamics within the system is extremely important to conducting accurate 
experiments. Another complication in analysis can arise from various techniques for creating the 
fuel/oxidizer combustion environment known as a test charge. 
2.1.1 Rapid Compression Machine Test Charges 
Most diesel engines in use today utilize an inhomogeneous charge (top row Figure 2.2) 
because liquid fuel is typically directly injected during the compression stroke, which does not 
Figure 2.1. Illustration of the rollup vortex 
that occurs with a flat piston during the 
compression of the rapid compression 
machine. The boundary layer fluid is 
sheared upon compression, which entrains 




allow adequate time for 
vaporization and premixing to 
occur. Studying combustion that 
utilizes a spray injection process 
close to autoignition is important, 
since it pertains to practical 
combustion systems; however, 
the process is extremely 
complicated and challenging 
because of its dependence on heat 
transfer and mass transfer for 
variable sized droplets and spray lengths created during high pressure injection [37, 38]. Another 
complication arises in calculating combustion temperature, since the spray eliminates the 
adiabatic core assumption and direct measurement is not feasible in a RCM. As a result, 
temperature calculations are often performed using conservation of energy, with adiabatic 
mixing assumptions [39, 40]. In other words, the heat loss from the core is assumed to be 
absorbed by the injected fuel, and the reaction zone temperature can then be calculated. Despite 
spray ignitions relevance to practical combustion systems, homogeneous mixtures are most often 
used to assess the combustion properties of fuels.  
The common practice in RCM testing is to use a premixed homogenous charge (bottom 
row Figure 2.2), which eliminates several of the complications associated with inhomogeneous 
mixtures. Homogeneous mixtures are generally prepared in a batch process, where a specified 
oxidizing mixture is loaded into a heated, well-mixed vessel; generally, to a pressure between 2.5 
Figure 2.2. Elapsed time images of two separate combustion 
events utilizing two different test charge methods. The top 
row of images show direct injection of the fuel at full 
compression. The bottom row shows combustion occurring 
for a fully-premixed charge. 
17 
 
– 3.0 bar so multiple tests at lower charge pressures can be conducted [41, 42]. The desired 
amount of fuel is then injected via a syringe to create the specified equivalence ratio for test 
conditions. An issue with experimentation using kerosene and distillate fuels, is that they are 
relatively non-volatile and require preheating to be fully vaporized [42]. However, if too much 
heat is applied, thermal decomposition of the fuel can occur yielding inaccurate results for the 
specified fuel. The risk of decomposition is increased using the bulk charge preparation method, 
since the fuel and oxidizer mixture could be heated for several hours during testing. Another 
concern with bulk charge preparation is transferring the homogeneous mixture to the test 
chamber since fuel may condense if fuel lines are not adequately insulated or heated, resulting in 
the testing of a lower equivalence ratio then desired. 
A novel charge preparation method was introduced by Allen et al. [42] called direct test 
chamber (DTC) charge preparation. DTC involves preloading the oxidizing gases directly into 
the preheated combustion chamber. An automotive gasoline fuel injector is utilized to precisely 
inject the specified amount of fuel to achieve a desired equivalence ratio. Adequate mixing and 
vaporization time is then allowed before the compression and ignition of the fuel. Gas 
chromatography and mass spectroscopy (GC/MS) testing was conducted to validate that the 
correct amount of fuel was injected and that a homogenous mixture existed by comparing the 
integrated areas of injected fuel to that of a standard. Figure 2.3 displays the results of this 
experiment where two components (n-dodecane and limonene) that fall within the distillate fuel 
carbon length were selected. Split injections were conducted to form 50/50 volumetric mixtures 
where one component was injected directly with the fuel injector while the other was injected by 
hand via a syringe. The experiments examined the highest and lowest fuel loadings examined in 
combustion tests. The integrated areas of the GC peaks reveal that the DTC method provides a 
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controlled and repeatable injection 
resulting in less than 3.6% 
difference from the 50/50 
volumetric reference that was not 
injected. DTC eliminates several of 
the potential issues that can occur 
with bulk charge preparation. The 
most apparent benefit, is 
elimination of fuel condensing in 
lines that feed the mixture to the 
testing chamber. Another benefit is 
that by creating the test mixtures 
directly in the RCM, the initial 
heating temperature condition is 
reduced because less fuel pressure 
is required. Consequently, the amount of time required for a homogeneous mixture to be 
achieved is also reduced [42].  Therefore, DTC allows lower combustion temperatures to be 
achieved, which are of interest, especially in advanced combustion technologies such as HCCI 
engines. Despite which method is used, the advantage to testing a homogeneous charge is not 
only in ease of analysis and connection to advanced combustion systems, but also kinetic 
modeling, which is based on gas phase kinetics for combustion. 
Figure 2.3. Total ion chromatograms for mass quantitation 
and fuel–air mixing tests for verification of the validity of 
utilizing the DTC method. 
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2.1.2 Rapid Compression Machine Test Facilities and Operation 
The RCM at UIUC is a replicated version of the MSU RCM and is a pneumatically 
driven, hydraulically stopped device. A picture of the facilities utilized to conduct tests at both 
universities can be seen in Figure 2.4, while a more detailed view of the RCM is included in 
Figure 2.5. The RCM contains three main sections: pneumatic, hydraulic, and combustion. 
 
Figure 2.4: Rapid compression machines utilized to collect the autoignition data in this thesis. 
Left, shows the facilities at Michigan State University and right, displays the University of 
Illinois at Urbana-Champaign. 
The pneumatic section consists of a 20 gallon tank that contains compressed air and 
serves as the high pressure reservoir for the driving section so multiple tests can be conducted 
before requiring a refill once the tank drops below the driving pressure of 140 psi. Connected to 
the tank are a series of 3” NPT pipes that link to a pneumatic chamber with a 5” piston assembly 
made by Peninsular Cylinders. This pneumatic chamber has three vents to allow the removal of 
air, during a compression stroke. 
The hydraulic system consists of a Star manual hydraulic pump that is connected to a 4” 
inner diameter steel cylinder that is anodized on the outside and chrome coated on the inside. 
Two lines run in/out of the cylinder one for removing air in the system when manually 
pressurizing and another to let the oil in and out of the system, which is controlled by a solenoid 
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valve. The piston inside the pneumatic chamber is connected to a specifically design stepped 
piston in the hydraulic chamber. The hydraulic chamber also contains two unique features that 
allow for the variation of test conditions. The first is the ability for change the overall stroke 
length of the RCM by adding up to two 1” shims to the rear (in front of the pneumatic section) of 
the assembly allowing for stroke lengths of 8”, 9”, or 10”. The second is the ability to vary the 
clearance volume achieved at top dead center by adding shims to the front (between the 
hydraulic and combustion sections) of the assembly. The standard clearance at top dead center 
(TDC) is 0.5”, but this may be altered by including up to six 1/16” shims between the hydraulic 
chamber and combustion chamber, or by altering the piston rod length with up to three 1/4” 
spacers. Combined with the ability to change the stroke length, this allows variability of the 
compression ratio (CR) between 4 and 17 with the creviced piston. 
 
Figure 2.5. Detailed side-view of the rapid compression machine with pertinent sections labeled. 
The third section is the combustion section which consists of the combustion cylinder and 
test section. Both the combustion cylinder and combustion chamber are instrumented with 
thermocouples to precisely control six band heaters using a PID controller via LabVIEW 
software. The combustion cylinder is a 12.375” long, 2” ID stainless steel tube that connects 
directly to the hydraulic system and test section. The combustion cylinder also has an inlet/outlet 
for the inlet of oxidizing gases and outlet of combustion products, connected is also a custom 
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made valve to allow for complete sealing during tests. Inside of the combustion cylinder is an 
aluminum piston rod with an anodized aluminum creviced piston, based on the design of Mittal 
et al. [26], attached to eliminate significant boundary roll-up issues, thereby achieving an 
adiabatic core post-compression, allowing the calculation of compressed temperatures by the 
adiabatic core assumption. Other pistons could be utilized, but for all tests presented in this 
manuscript, the creviced piston was used. The piston compresses the gases up to the test section. 
The test section is a 2” ID with an outer shell that is octagonal in shape which allows for flat 
surfaces for mounting the GDI injector and pressure transducers, as well as, two side windows 
for optical access. A flange is mounted to the front of the test section with a plug the can be 
designed to increase or decrease the clearance volume. The same plug design and orientation was 
used for all tests presented. Additionally, this plug can be removed and replaced with a window 
to allow for optical access. 
Collecting an ignition delay data point begins by initially heating up the RCM until the 
desired initial temperature reaches equilibrium in the combustion section. This process generally 
takes an hour and a half and the combustion chamber is well insulted to help eliminate any major 
temperature fluctuations. From previous GC/MS analysis, an initial temperature greater than 
120°C was deemed suitable for vaporization of the jet fuels being tested. All tests presented here 
were conducted using an initial temperature of either 125°C or 135°C, depending on the test 
condition. After heating is completed a vacuum is applied to the combustion chamber until sub-
torr pressures are reached. The test chamber is then filled with the oxidizing mixture to a 
specified pressure, in order to reach the desired compressed pressure. Once the desired pressure 
has been reached, the combustion cylinder valve is closed, sealing the test vessel. The desired 
amount of fuel is then direct injected to attain a specific equivalence ratio, then sufficient time (~ 
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4min) is allowed for charge homogenization. The test charge is subsequently compressed to top 
dead center (TDC) in less than 30 ms, forming a core of hot, compressed gas that results in 
ignition. The pressure history during compression and ignition is captured with a piezoelectric 
pressure transducer (Kistler 6125B) which allows calculation of the ignition delay times. 
Despite the first-rate data that can be generated from the RCM, the overall testing range 
is limited. The lowest temperature conditions are dependent on the minimum temperature 
required for adequate fuel vaporization, which was discussed in detail previously. At increased 
temperatures the compression 
stroke of the RCM becomes the 
limiting factor, where in 
comparison to the rapid kinetics of 
fuel reactions at higher 
temperatures and pressures, these 
reactions can begin to occur during 
the compression. These reactions 
can either result in knocking or the 
inability to accurately discern 
when the piston is full compressed. 
Figure 2.6 shows a diagram 
adopted from Ronald K. Hanson [43], that shows the expanded range made possible by the 
creation of a shock tube. In order to expand the testing range beyond low temperature conditions, 
with the ability to better examine the influence of fuel combustion in the intermediate 
temperature range a shock tube was devised.  
Figure 2.6: Rapid compression machine and shock tube 
achievable test times relative to n-dodecane ignition delay 




2.2 Shock Tube 
A shock tube is a combustion device, where a driven gas (generally a gaseous fuel/air 
mixture) is compressed by driver gas (inert gas, generally low molecular weight i.e. helium) 
through the creation of a normal shock wave that rapidly increases pressure and temperature. 
Shock tubes, like the RCM, are used extensively in the combustion research field. In a shock 
tube, a driver gas at high pressure is separated by a thin diaphragm from a section containing a 
gas at a lower pressure (driven gas). Puncturing the diaphragm creates a normal shock wave, 
which travels through the driven section causing an increase in the temperature and pressure of 
the reactant mixture behind it. The creation of a normal shock wave creates a flow-field that 
results in a one-dimensional flow, as a result of the constant streamtube area. Usually, the driven 
section will contain reactants at low partial pressure, which will react and ignite at the increased 
temperature and pressure generated by the reflected shock conditions [26]. Advantages to using 
the shock tube include that reactants are heated “instantaneously” as the shock passes and that a 
zero-dimensional model can be used to model the shock tube system. Additionally, the 
temperature and pressure can be calculated from the normal shock equations (shown below) and 
measurements can be performed at much higher temperatures and pressures than can be achieved 
in other combustion devices. As a result, the construction of a shock tube will allow an 
expansion in the testing range of the UIUC facilities. 
𝑢1𝜌1 = 𝑢2𝜌2 (continuity) 
𝑃1 + 𝜌1𝑢1











FROSH (Frozen Shock Wave Calculator) is a code written by Hanson and coworkers [44] that 
calculates the incident and reflected shock conditions using these equations of state. The initial 
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conditions (P, T, and gas composition) are input into FROSH as well as the counter times 
provided from the five pressure transducers (PCB 111A22) with known spacing to calculate the 
incident shock velocity. With these data FROSH can be used to calculate the ideal shock 
conditions or vibrationally equilibrated conditions. All calculations presented in this dissertation 
will account for the vibration equilibrium that should be accounted for at higher temperature 
conditions because of the large presence of N2 and/or O2 in some of the tests. 
2.2.1 Shock Tube Test Facilities and Operation 
The shock tube at UIUC is based off of the design of the shock tube used a Rensselaer 
Polytechnic Institute. A picture of the facilities can be seen in Figure 2.7, while a more detailed 
view of the shock tube is included in Figure 2.8. The UIUC shock tube consists of four main 
sections: driver, diaphragm, driven, and test. The shock tube maintains an ID of 2.5” throughout 
all these sections, except for the diaphragm section which has a special design and will be 
described in more detail below. The ID measurement is small by conventional shock tube 
standards, but allows for more economic running of tests since less gases are required while still 
allowing for high quality data to be collected. A custom heating system was programmed to 
allow for preheating of the driven and test sections so jet fuel testing could be conducted. The 
user interface for the data acquisition systems were made to replicate those of the RCM and can 
Figure 2.7. Shock tube built and programmed to expand the autoignition data collection abilities 
at the University of Illinois at Urbana-Champaign. 
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be seen in Appendix A. 
The driver section is 108” in length and is sealed on one end with a 6” flange and 
contains four ports. Three ports are located near the sealed end of the driven section and allow 
for the inlet of the driving gas, vacuuming of the driver section, and outlet of combustion product 
gases post-test. The fourth port contains an Omega pressure transducer that can monitor the 
absolute pressure inside the driver section. 
The diaphragm section is 8” in length and contains one port, which is connected to a 
shock-resistant pressure transducer to allow for the triggering of the data acquisition system. The 
unique feature of the diaphragm section is the inner dimension transfers from a square on the 
driver side to the 2.5” ID circle on the driven side. A polycarbonate diaphragm of desired 
thickness is inserted between the driver and diaphragm section on the face of the square end. The 
square design was used to allow for increased stresses on the diaphragm to allow for a more 
instantaneous rupture. Non-instantaneous rupturing of the diaphragm occurs in real shock tubes 
and is formed by a coalescence of compression waves, requiring a longer tube to obtain a 
constant shock wave [45]. 
The driven section is 144” in length and serves the purpose of containing the oxidizer and 
fuel mixture for tests, and requires a sufficient length to form a well-defined normal shock wave. 
The driven section is instrumented with six thermocouples to precisely control six heaters using a 
PID controller via LabVIEW software to replicate closely how the RCM is controlled. The driver 
section contains 3 ports near the diaphragm section that serve the same purpose as those in the 
Figure 2.8. Detailed side-view of the shock tube with pertinent sections labeled 
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driven section, except oxidizer/fuel mixture is loaded in the inlet. Two additional ports are 
located 58.5” and 130.5” from the test section, which are designed to allow for the same DTC 
method used in the RCM to be attempted at a future date in the shock tube. The ports also have 
sampling access to allow for verification of complete transfer and vaporization of the kerosene 
fuels from the bulk mixture preparation vessel into the driven section. Three remaining ports on 
the driven section exist equally spaced 9” between each other, starting 4.5” from the test section 
that contain pressure transducers to measure the shock wave speed. 
The test section is 15” in length and has 2.5” thick walls to accommodate the increased 
pressures experienced during the autoignition event. The test section is also instrumented with 
two thermocouples to precisely control three heaters using the same LabVIEW code mentioned 
in the description of the driven section. Five ports are located near the end wall; three that can 
enable optical access and two that house pressure transducers.  
Before autoignition data can be collected, the shock tube is allowed to heat up for a few 
hours so thermal equilibrium is established within the driven and tests sections. The driven 
section and test section are well insulted to help eliminate any major temperature fluctuations. 
During this time period the bulk preparation vessel used for the air fuel mixture is prepared. The 
desired amount of fuel is injected via syringe to attain a specific equivalence ratio, followed by 
the insertion of oxidizer mixture to a desired pressure; then sufficient time (~ 60min) is allowed 
for charge homogenization. Collecting an ignition delay data point begins by initially inserting 
the desired diaphragm thickness between the driver and driven sections. The diaphragm 
thickness will determine the pressure difference between the two sections, resulting in an 
approximate reflected pressure of choice. A vacuum is the applied to the driver and driven 
sections to sub-militorr pressures are reached. The driven section is then filled with the 
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oxidizing/fuel mixture to a specified pressure. This pressure will influence the Mach number of 
the incident shock wave, which is important for reaching various reflected temperature 
conditions. Once the desired pressure has been reached, the driven section is closed. The driver 
section is then pressurized with He or a He/N2 mixture until the diaphragm ruptures. Upon 
rupturing, a shock wave is formed that propagates down the driven section to the end wall and is 
then reflected, creating a drastic increase in the temperature and pressure conditions. During this 
brief time period, the pressure history during wave propagation and ignition is captured using 
LABVIEW code developed to sample at 1,000,000 samples/second (microsecond resolution) 
with six piezoelectric pressure transducers, five PCB 111A22 to capture the timing of the 
incident shock wave to calculate the reflected conditions and one Kistler 6031B which allows 
calculation of the ignition delay times. 
2.3 Constant Pressure Flow Chamber 
Constant pressure flow chambers (CPFC) are an experimental device where a gas is 
slowly flowed through a heated tube to maintain a constant pressure. Generally liquid fuel is 
injected into the stream which allows for the analysis of sprays and/or combustion, depending on 
the conditions. An advantage to the CPFC is the precise control of temperature, pressure, and 
fuel delivery; however, variations of the temperature and pressure can occur radially within the 
system. Another advantage is the quick collection of data that can be accomplished because of 
the nature of the device. The slow flow removes combustion products after each tests and allows 
for a fairly rapid succession of test to be conducted. Additionally, because spray tests are the 
main system being analyzed this has very practical application to real-life energy conversion 
systems. The ability to examine full spray dynamics, fuel/oxidizer mixing, vaporization, and 
combustion, despite being much more complex than autoignition of homogenous mixtures 
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previously discussed, is important and relevant to current conversion systems. However, more 
fluctuations can be evident in the results because each injection is an independent event and the 
mixing dynamics post-spray cannot be precisely controlled. 
2.3.1 Constant Pressure Flow Chamber Test Facilities and Operation 
Spray combustion experiments were conducted in a dual-walled, CPFC at the U.S. Army 
Research Laboratory [46]. The CPFC is configured vertically; air flows at a rate of 62 m3/hr 
through a series of heaters into the bottom of the cylindrical chamber and exhausts out the top. 
Figure 2.9 depicts the CPFC 
facilities utilized for testing. A 
Bosch CRIN-3-18 common-rail 
fuel injector featuring a 100 µm 
orifice diameter, single axial-hole 
nozzle was utilized for all test 
conditions. The injector was 
mounted horizontally into a water-
cooled adapter to offset heat 
transfer effects from the CPFC. 
The fuel temperature and pressure 
were controlled at 65°C and 1000 
bar, respectively, as measured by a Kistler Type 4067C sensor mounted in the fuel line 7 cm 
from the fuel injector inlet. The CPFC has three 147 mm diameter, 85 mm thick ultraviolet fused 
silica (UVFS) windows that allow for optical access orthogonally and axially to the spray.  
Figure 2.9. Constant pressure flow chamber utilized to 
collect the spray combustion data presented in Chapter 9. 
The image was adapted from [45] and shows the facilities 
at US Army Research Laboratory. 
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2.4 Ignition Delay 
Combustion characteristics are generally considered, for in cylinder processes, to be 
concerned with mainly two events, the pressure release and heat release. The pressure release 
and heat release can both be related to a common property called the ignition delay. The ignition 
delay is defined as the amount of time required for a fuel to autoignite under autoignition 
conditions [47]. An interest surrounds understanding the ignition delay because of the relation to 
kinetic modeling, heat release, as well as effects on engine noise and pollution [48].  The ignition 
delay period consists of a physical and chemical delay that account for various processes 
occurring during injection and compression. The physical delay accounts for the injected fuel 
heating, vaporization, and mixing with the air, while the chemical delay corresponds to the time 
elapsed after a combustible mixture has been formed [48, 49]. However, if a premixed charge is 
established prior to compression, the physical delay is no longer accounted for in the ignition 
delay, since heating, vaporization, and mixing have already occurred with the oxidant. 
In order to accurately determine the ignition delay, commonly one of two events can 
signify the starting time of the ignition delay; the start of injection (SOI) for inhomogeneous 
testing or top dead center (TDC), the point of full compression, for homogeneous testing. These 
starting points are often easy to find from the injector and combustion chamber pressure profiles, 
respectively. The difficulty in defining the ignition delay lays mostly in determining the 
combustion event. The combustion event marks the ending point of the ignition delay and can be 
found using pressure diagnostics, light emission, temperature rise, or the change in heat release 
profile [48]. Of the possible methods, using pressure change has been found to be the most 
reliable. Therefore the start of combustion can be found using the first derivative of the pressure 
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trace, because maxima and minima values of the pressure profile correspond to ignition points 
[48, 50].  
2.4.1 Rapid Compression Machine - Ignition Delay 
The pressure trace seen in Figure 2.10 depicts a common multi-stage ignition delay 
common at reduced equivalence ratios in the RCM, which occur because of the initial formation 
of a cool flame [51]. The oscillations seen in the raw pressure trace (orange line) are similar in 
nature to the oscillations observed in HCCI engines when excessive pressure rise rates exist 
during combustion [52]. The datasets for all tests examined in this thesis have been filtered using 
a low-pass Butterworth filter with a 2000 Hz cutoff frequency prior to calculating the ignition 
delay periods. The filtering operation does not eliminate or alter any critical information from the 
Figure 2.10. Plot of typical RCM pressure trace (orange) and filtered signal 
(black line) and the first derivative of the pressure trace (grey line). A 
graphical description of first-stage ignition delay (τ1), second-stage ignition 
delay (τ2) and the overall ignition delay (τ) is also provided. 
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data, such as the timing of top dead center (TDC) or the timing of pressure rise due to ignition. 
The pressure trace is used to calculate the overall ignition delay (τ), where important timing 
event such as TDC and combustion events can be found using the first derivative of the pressure 
trace. The pressure trace seen in Figure 2.10 depicts a two-stage ignition delay, which occur 
because of the initial formation of a cool flame [51]. The t = 0 time point is at TDC, when the 
piston is fully compressed and is calculated when dp/dt = 0 as shown. The combustion events are 
found also from the dp/dt trace and are defined as maxima. The initial heat release is defined as 
τ1 and represents the first stage of ignition. While the maximum of dp/dt represents the main 
ignition point corresponding to the overall ignition delay point τ. The overall ignition delay, τ, is 
found via the additive sum of the first and second stage delays (τ = τ1+ τ2). In some instances 
additional stages of ignition can be seen, but follow the same mathematical definition described 
here. For all RCM ignition delay data presented in this thesis at least three ignition delay 
measurements tests have been performed at each condition and the standard deviations of the 
overall ignition delays at each measurement are represented by error bars when presenting results 
in this paper. The main uncertainty taken into account is from calculating compressed 
temperature, which accounted for only error in initial conditions and thermodynamic data and 
was determined to be ±1.25% (8 – 9 K).  
2.4.2 Shock Tube - Ignition Delay 
The pressure trace seen in Figure 2.11 depicts a common ignition delay seen in shock 
tubes measured under reflected conditions. The pressure trace is used to calculate the overall 
ignition delay (τ), where important timing event such as t = 0 and combustion events can be 
found. The t = 0 time is determined from shock speed calculations acquired from five pressure 
transducers located on the driven and test sections. The shock speed is used to determine the time 
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at which the incident shock arrives at the end wall, this is the t = 0 mark. The ignition delay time, 
τ, is measured behind the reflected shock wave and is therefore defined as the time interval 
between the incident shock arrival at the end wall, and the onset of combustion, which is usually 
inferred from either a pressure trace or the emission/absorption spectra of an intermediate 
combustion species [26]. For all shock tube data presented in this work pressure traces were used 
in the identification of the ignition delay. All shock tube data is reported as individual data points 
with a reproducibility of 5–10% of the ignition delay. Following reflected-shock heating, the 
pressure was observed to rise at a rate of (dP/dt)(1/P0) = 1–3% ms due to non-ideal gas 
dynamics. Uncertainty in the initial reflected shock temperature and pressure are estimated to be 
at most ±1.5% and ±2% (95% probability), respectively, based on the uncertainties in measured 
Figure 2.11. Plot of a typical shock tube pressure trace (blue) and important 
points in the pressure trace. A graphical description of the overall ignition 
delay (τ) is also provided. 
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shock speed, initial conditions, and thermodynamic data. The uncertainty in ignition delay times 
is at most ±25%, with the largest contributor to ignition delay uncertainty being temperature 
uncertainty. 
2.4.3 Constant Pressure Flow Chamber - Ignition Delay 
Optical diagnostics were performed during the spray ignition in order to calculate 
combustion properties of the fuel. One of these diagnostics involved capturing the OH* emission 
from the combustion event utilizing a photodiode, which is a common technique used in shock 
tubes [53].  As displayed in Figure 2.12, a set of 300 mm and 100 mm focal length ultraviolet 
grade fused silica (UVFS) plano-convex lenses, aligned on the spray axis, were used to collect, 
collimate, and focus the emitted light on 
the 0.7 mm2 active area of a Thorlabs 
DET10A fast-response photodiode. An 
Asahi Spectra 310 nm bandpass filter was 
placed between the 100 mm lens and 
photodiode to selectively transmit the OH* 
chemiluminescence signal. All 
experiments were performed using a single injection pulse width of 2 ms. This injection time was 
selected to allow the standing diffusion flames to reach a quasi-steady state for a majority of the 
conditions tested, thereby negligibly influencing the ignition delay time for high-cetane fuels. 
Rates of injections (ROI) were measured with a Bosch-type, long-tube rate instrument [54]. 
Sound speed data for F-76 were approximated with that of No. 2 diesel fuel, while JP-8 sound 
speed data [55] were used for HRD-76. As a validation, the sound speed of HRD-76 was 
experimentally measured at 65°C and 60 bar system pressure using a procedure similar to Payri 
Figure 2.12. Cut-away top-view of the CPFC and 
the optical diagnostics setup. 
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et al. [56] and found to be thermodynamically consistent with the measurements reported by 
Prak et al. [57] and Hesieh et al. [58] at ambient pressure. Figure 2.13 displays an example of the 
ROI profiles for the fuels tested at 1000 bar rail pressure and 2 ms solenoid energizing time. The 
ROIs were averaged over 120 shots and enabled characterization of important parameters: start 
of injection (SOI), end of injection (EOI), injection delay, and injection duration. An injection 
delay exists in all injector types but has an exaggerated effect in solenoid type injectors because 
of a hydraulic delay after energizing the injector [59].  This delay needed to be accounted for 
since the SOI was not detected optically; instead, the SOI was derived from the ROI 
measurements and was found to occur 0.3 ms after the signal to inject. As a result, the SOI for all 
tests was determined by adding this injection delay to the reference time zero, which was 
Figure 2.13. Average rate of injection and injector solenoid current (Iinj sol) 
versus time after the start of injection command for both fuels at 1000 bar 
rail pressure and 2 ms energizing time. 
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determined as the onset of a steep rise in the injector current profile monitored during testing.  
The injection duration was calculated as the time between the sharp increase and decrease in the 
injection rate signal, thus marking the SOI and EOI, respectively. The total injection duration 
was 2.5 ms for all conditions, which was 0.5 ms longer than the specified pulse width. Needle 
dynamics within the solenoid injector after ceasing the energizing signal account for this 
additional 0.5 ms in comparison to the commanded pulse width. This full injection duration was 
used for the calculation of ignition dwell, which is discussed in Chapter 9.  
The OH* signal was collected simultaneously with the injection current signal in order to 
calculate the ignition delay. Figure 2.14 shows visually how the post processing was completed 
to calculate the ignition delay for the OH signal. The code used to calculate the ignition delays 
Figure 2.14. Example OH* profile from the chemiluminescence 
conducted on the diesel sprays. A visual definition of how the ignition 
delay (red star) and combustion duration (blue star) were calculated. 
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for these tests can be viewed in Appendix B. The ignition delay is defined as the time between 
the SOI and the start of combustion (SOC), where the SOC is defined as the intersection of the 
OH baseline signal and tangent line from the peak production (maximum of derivative) of OH*, 
similar to the method of Hall et al. [60]. Post-processing of the OH* signal also allowed 
calculation of the combustion duration, which is defined as the time period from the start to the 
end of combustion (EOC), where the EOC was determined analogously to the SOC, except with 
the peak destruction (minimum of derivative) of OH*. The signal-to-noise ratio had a stronger 
effect on these calculations at the low temperature, pressure conditions that resulted in much 
larger uncertainty in the results, particularly for the combustion duration. The final property 
measured from the OH* signal was the combustion dwell, which is defined in this study as the 
time between the SOC and EOI. The error of these combustion property measurements are 





Chapter 3 Combustion Chemistry and Chemical Kinetics 
Combustion is an intricate dynamic temporal and spatial energy release process that 
entails simultaneous chemical reactions that proceed along multiple pathways which depend on 
the current state of chemical bonds, concentrations of species and the localized thermodynamics. 
Since the 1930s, when chemical changes in combustion reactions became attributed to the 
formation of free radicals, the creation of kinetic models to understand reaction behavior have 
become routine [51]. Kinetic models consist of elementary reactions that follow Semenov theory 
[61], which provides the foundation of hydrocarbon oxidation interpretation. 
3.1 Low Temperature Alkane Oxidation Chemistry 
The nature of the combustion chemistry, particularly at specific temperature and pressure 
conditions, is the main interest of the autoignition processes. This manuscript examines low-
temperature combustion, (500K – 750K) which is of special significance because of interesting 
combustion phenomena that occur and the relevance to practical engine applications like cold 
start and knock in spark ignited engines. Alkanes are of special significance in this temperature 
region because different structures show a wide range of reactivity and comprise the dominant 
constituents in conventional and alternative fuels.  
At the lowest temperatures conventional kinetic modeling for paraffins suggests that 
reactivity is controlled by low-temperature chain branching reactions highlighted in Figure 3.1 
[62]. Alkane oxidation starts with a hydrogen abstraction when the fuel alkane (RH) reacts with a 
radical to form an alkyl radical (R∙). The alkyl radical undergoes a reversible reaction with 
molecular oxygen to form an alkylperoxy radical (RO2). The alkylperoxy radical can therefore 
react resulting in the removal of oxygen to reform the alkyl radical or undergo an internal 
hydrogen abstraction reaction to form a hydroperoxyalkyl radical (QOOH). The 
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hydroperoxyalkyl molecule under 
goes a molecular oxygen addition to 
form a hydryoperoxyalkylperoxy 
radical (O2QOOH). The 
hydryoperoxyalkylperoxy radical 
isomerizes into an unstable 
intermediate that rapidly decomposes 
into a ketohydroperoxide (ROOH) 
and hydroxyl radical (OH). The 
ketohydroperoxide then decomposes, 
resulting in the formation of two 
radical species (RO∙ and OH) and 
provides a multiplication in the 
number of radicals for the runaway phenomena of autoignition. 
The rate of the low temperature reaction pathway is primarily governed by the R + O2 ↔ 
RO2 equilibrium and the rate of isomerization RO2 ↔ QOOH. The competition in the reactions 
of R∙ and RO2 has important consequence where branching is greatly favored and autoignition is 
enhanced, when isomerizations are simple. However, since termination occurs off the alkyl 
chain, while branching is enabled from the peroxy alkyl this produces negative-temperature 
coefficient (NTC) behavior can be observed since radical formation decreases with increasing 
temperature [63]. An interesting consequence can occur if the rollup vortex discussed previously 
occurs. Griffiths et al. [29]  have shown that the cooler zones can result in NTC having a 
predominant effect on the combustion event.  This results in the combustion being controlled by 
Figure 3.1. Alkane oxidation pathways for 500 to 1000 
K. The low temperature combustion pathway is outlined 
in yellow which occurs between 500 and 750 K. 
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specific regions within the combustion chamber, having an effect on the ignition delay, further 
stressing the importance of a zero-dimensional combustion zone for accurate data to be 
accumulated for comparison against kinetic models. The variation and/or similarities in ignition 
behavior observed among fuels is attributed to their different concentrations of n-paraffins, 
isoparaffins, cycloparaffins, and aromatics, whose fractions control the global rate of low-
temperature chain branching through the influence of different bonding environments on the 
stability of RO2 adducts and the rate of H-atom transfers in the RO2 ↔ QOOH isomerization. 
3.2 Chemical Simulations Setup 
The chemical kinetics simulations performed in this research were conducted using 
CHEMKIN 18.2 or CHEMKIN PRO. The CHEMKIN software packages are commercial 
products available from ANSYS. They offer many prepackaged reactor models that are intended 
to simulate specific burner geometries or idealized flow conditions. CHEMKIN is the de facto 
standard for conducting gas phase kinetic simulations and published mechanisms and 
thermodynamic data are often presented in a format amenable to being used as CHEMKIN input. 
Simulations of the RCM utilize the CHEMKIN Closed Homogeneous Reactor model by 
specifying the initial conditions of the test and by supplying the effective volume profile used to 
constrain the volume of the reactor. CHEMKIN solves the energy equation over a specified time 
interval to calculate system temperatures, pressure, and species concentrations. 
3.2.1 Chemical Kinetic Surrogates 
A major complicating factor in creating accurate models for fuels is the complex mixture 
of components contained within fuels. As a result, proposed detailed reaction mechanisms for 
kerosene type fuels in this temperature range can contain thousands of reactions to account for 
the formation of all of the radical components, as well as the breakdown of longer chained 
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molecules [64]. Available mechanism models lack the necessary understanding of the kinetics 
associated with all the components and the possible interactions that can occur [65]. Because of 
the numerous interactions rapidly occurring during combustion, a comparison between kinetic 
models and experimental data is important to validate the accuracy of the simulations. A 
common practice to simplify the complicated combustion kinetics is to precisely formulate a 
surrogate fuel comprised of specific proportions of a limited number of pure components that 
reasonably reproduces the combustion characteristics of a desired fuel [65, 66]. Developing 
suitable surrogates for fuels aids in generating improved kinetic models, which in turn enables 
the enhancement of engine performance optimization and management of emission productions 
[65, 67]. Several surrogate jet fuels are investigated in this thesis for their ability to reproduce the 
ignition behavior of real conventional and alternative jet fuels.  
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Chapter 4 Autoignition of Conventional Aviation Fuels 
 Recently, a large number of alternative jet fuels from various sources looking to be 
introduced to the market have become available for evaluation. The Federal Aviation 
Administration Center of Excellence (ASCENT), in collaboration with the Air Force Research 
Laboratory established the National Jet Fuel Combustion Program (NJFCP), which tasked itself 
with determining the suitability of the various alternative fuels. Within the program, the fuels 
have been divided into three general categories: A, B, and C. Category A fuels are the current 
petroleum-based conventional fuels used in commercial and military applications. Category B 
fuels are alternative fuels that have undergone strenuous analysis and testing. Category C fuels 
are alternative fuels with little to no testing, but also include purposefully built surrogates 
formulated to replicate special property variations that generally occur in alternative fuels, such 
as narrow boiling range, limited components, and blending effects, whose impacts are poorly 
understood [68]. Chemical kinetic data for all these fuel categories in the form of ignition delay 
measurements is key information needed for evaluation and for developing accurate simulations. 
This chapter examines the Category A fuels: JP-8 (A-1), land-based jet propellant, Jet A (A-2), a 
commercial airline and soon-to-be military fuel, and JP-5 (A-3), sea-based jet propellant. 
The autoignition of conventional jet fuels has been studied by others under a variety of 
test conditions and has been essential to improving the performance of these fuels in engines. A 
review of these studies was published by Dagaut et al. [69]. Subsequently, new measurements of 
jet fuel ignition delays, which include bio-derived fuels as well as conventional aviation fuels 
have been reported, including rapid compression machine (RCM) measurements by Allen et al. 
[42], Hui et al. [70], and Kumar et al. [41] and shock tube measurements by Dean et al. [71], 
Dooley et al. [72, 73], Vasu et al. [74], and Wang et al. [75].   
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4.1 Chemical and Physical Properties of Conventional Aviation Fuels 
Figure 4.1 shows normalized total ion chromatograms of the Category A conventional 
fuels. Comparison of the conventional fuels reveals that these petroleum fuels all have a very 
similar structure with prominent n-alkane peaks. JP-5, which is intended to have a higher flash 
point relative to JP-8 and Jet-A, has a more “narrow-cut” of prominent hydrocarbon components 
with species molecular weights primarily spread from n-decane to n-tetradecane. Jet-A and JP-8 
are virtually identical fuels, with the exception of an additive packet in JP-8, and in comparison 
to JP-5, have a slightly broader range of carbon numbers and differ in the aromatic content. 
Table 4.1 lists selected chemical and physical properties of the conventional fuels. The 
POSF number is a unique identifier used by the Air Force Research Laboratory, to track fuel 
Figure 4.1. Gas chromatograms of conventional jet fuels. 
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batches. A US DoD military specification (MILSPEC) requirement for conventional jet fuels is 
that the fuel density must be between 0.775 – 0.840 g/mL. In addition, despite no explicit 
requirement for aromatic content, only a maximum of 25%/vol is allowed. Aromatics are 
important because of their importance to proper swelling of elastomer seals and aromatics are 
commonly linked to volumetric energy density which is relevant when considering engine power 
and/or vehicle range [76, 77]. All the conventional fuels have similar ignitability, despite 
differences in their composition, as can be seen in the cetane numbers listed, where all range 
from 40 – 48; therefore, little deviation in the autoignition of these fuels is hypothesized. 
Table 4.1. Chemical and physical properties of the conventional jet fuels tested. 













JP-8 6169 44.8 46 0.798 21.6 33.5 27.2 
 
17.8 
Jet-A 4658 47.1 51 0.806 18.8 31.0 28.9 21.2 
JP-5 - 43 63 0.815 35.9 27.6 12.2 11.6 
A-1 (JP-8) 10264 40.4 42 0.780 26.82 39.69 20.08 13.41 
A-2 (Jet-A) 10325 47 48 0.803 20.03 29.45 31.86 18.66 
A-3 (JP-5) 10289 47.9 60 0.827 13.89 18.14 47.39 20.59 
In order to determine the compressed temperature conditions using the adiabatic core 
hypothesis described in Chapter 2, the temperature-dependent specific heat values are needed. 
The thermodynamic properties were approximated for JP-8, Jet-A, and JP-5 using surrogates 
proposed by Violi et al. [78], Burcat et al. [79], and Wood et al. [80], respectively. The Violi 
surrogate was verified in a kinetic model via comparisons to experimental data of premixed 
conventional kerosene flames, while the Wood surrogate was experimentally validated using a 
swirl-stabilized burner that showed similar combustion response between the surrogates and JP-5 
fuel, except for where soot formation was concerned. The Category A fuels thermodynamic 
properties were approximated using surrogate approximations formulated by Xu et al. [81]. The 
thermodynamic data was provided from pure component surrogates created with specific 
attention paid to matching the molecular weights of the Category A fuels. Thermophysical 
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property data if not provided was found via Burcat [82] or by contribution methods [83], while 
molecular weights were estimated by the distillation methods of Rao and Bardon [84]. A 
summary of the surrogate compositions and calculated average formulae for molecular weights is 
summarized in Table 4.2. 
Table 4.2. Thermochemical surrogate composition for the conventional fuels 




73.5% n-dodecane, 5.5% iso-octane, 10% methylcyclohexane, 10% 
toluene, 1% benzene 
C11.89H23.06 
Jet-A 4658 Burcat et al. Thermodynamic Data C12.15H23.77 
JP-5 - 
2.5% n-decane, 25% n-dodecane, 10% n-tridecane, 5% n-tetradecane, 
5% n-pentadecane, 11% n-pentylcyclohexane, 11% n-
heptylcyclohexane, 11.5% decalin, 9.5% tetralin, 5% 1-phenylhexane, 
3% 1,3-diisopropylbenzene, 1.5% a-methylnaphthalene 
C12.16H22.81 
A-1 (JP-8) 10264 
10% 1,2,4-trimethylbenzene, 40% isoundecane, 30% n-undecane, 20% 
butylcyclohexane 
C11.40H22.85 
A-2 (Jet-A) 10325 
15% 1,2,4-trimethylbenzene, 30% isododecane, 20% n-undecane, 35% 
pentylcyclohexane 
C11.94H22.59 
A-3 (JP-5) 10289 
20% 1,2,4-trimethylbenzene, 20% isotridecane, 20% n-dodecane, 30% 
hexylcyclohexane, 10% methyldicyclohexane 
C12.37H22.81 
4.2 Comparison of Conventional Fuels Autoignition 
The ignition delay times measured for the category A fuels under stoichiometric and 20 
bar conditions from the author’s previous work are summarized in Figure 4.2, including the 
measurements of conventional jet fuel collected in literature. The literature data were measured 
at pressures of 20 ± 3 atm and have been scaled to 20 bar assuming an ignition delay dependency 
of τ ∼ 1/P, before being plotted in Figure 4.2. To begin the comparison, note that the data 
collected at UIUC and MSU are very similar and display no more than 5% difference, which is 
well within the range of a reasonable experimental error for these types of experiments. This 
shows that the RCMs collect comparable data and comparisons of data presented in this thesis, 
whether collected at UIUC or MSU, are considered consistent. In addition, this verifies that the 
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new combustion facility at the UIUC generates similar results and enables the collection of high 
quality data over a wide range of experimental conditions.  
Figure 4.2 also shows how the compression stroke of the RCM can influence the 
measured ignition delay time, especially for τ < 8 ms. Evidence for this appears where the 
measurements from the RCM are compared to measurements made in a shock tube by 
Oehlschlaeger et al. [75, 85]. The RCM and shock tube data sets appear to be converging at 
lower temperatures, but at ignition delay times less than ~6 ms, there is increasing disparity 
between these measurements. Under these conditions, pre-ignition reactions occurring in the 
compression stroke play a significant role in the overall ignition delay time. Calculations of the 
compressed temperature indicate that, as the piston is rapidly decelerated at the end of the 
compression stroke, increases in the adiabatic core temperature are as small as ∼5 K during the 
final 2 ms of compression. This suggests that RCM measurements may be biased toward shorter 
Figure 4.2. Comparison of conventional fuels tested in the MSU and UIUC rapid compression 
machines (circles) in comparison to higher temperature data taken in a shock tube from 
Rensselaer Polytechnic Institute at a Pc = 20 bar and  = 1.0. 
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ignition delay times, which should be considered when comparing the data to measurements 
made in a shock tube. 
Figure 4.3 displays the ignition delays of the Category A fuels at a Pc = 20 bar and  = 
1.0, 0.5, and 0.25. The fuels all show a negative dependence on equivalence ratio and for a given 
test condition, the ignition delay is longer at lower equivalence ratios. Within the low-
temperature region investigated, it is evident that all the conventional petroleum fuels exhibit 
very similar ignition delay times for measurements reported by the author, despite having 
different compositions. However, these composition differences appear to be negligible in 
determining the overall ignition delay time for the low temperature conditions studied, with the 
greatest difference at the leanest condition, where Jet A-3 has the longest ignition delay. 
However, for all conditions examined, based on experimental error the ignition delays are 
considered nearly identical. Conventional kinetic modeling of alkanes suggests that reactivity is 
controlled by low-temperature chain branching: R + O2 ↔ RO2 ↔ QOOH (+O2) ↔ OOQOOH 
→ 2OH + products [86]. The rate of this reaction pathway is primarily governed by the R + O2 
Figure 4.3. Ignition delays for category A fuels at Pc = 20 bar and  = 1.0, 0.5, and 0.25. 
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↔ RO2 equilibrium reaction and the rate of isomerization RO2 ↔ QOOH. Therefore, the 
similarity of category A fuel compositions based on the gas chromatogram results yields an 
expected commonality in reactivity in the low temperature chemistry pathway. Because of the 
similarity in Category A fuels, comparisons of combustion properties to alternative fuels 
explored in subsequent chapters will be made to JP-8 (A-1) to represent a comparison to all the 
conventional fuels; however, fuel blends that contain any of the category A fuels (Jet-A or JP-5) 
will be used in the comparison instead. 
At reduced equivalence ratios, Figure 4.3 displays the effects of NTC behavior, noted by 
the curvature occurring at increased temperatures, showing a decrease in reactivity with an 
increase in temperature. NTC behavior is visible at  = 0.25 because the charge temperature after 
the first stage of heat 
release is not sufficient to 
drive the main ignition 
event. As the fuel 
concentration is increased 
under the  = 1.0 and  = 
0.5 test cases, higher 
temperatures are achieved 
after the first-stage heat 
release which rapidly 
accelerates the main 
ignition event. This is 
illustrated in Figure 4.4, 
Figure 4.4. Pressure history curves for JP-5 at equivalence ratios 
of ϕ = 0.25 and ϕ = 0.5. Three tests appear for each of the 
equivalence ratio conditions. Compressed temperatures for the 




where three sample pressure curves are shown for JP-5 tests at  = 0.5 and  = 0.25. The  = 0.25 
clearly show a first stage of ignition followed by a period of slow heat release that eventually 
drives the system into full ignition. The delineation between the first and second stages of 
ignition in the  = 0.5 is not as obvious, but it can be seen that the pressure rise rate accelerates 
into the main ignition after an initial, milder heat release event. During this initial reaction, the 
pressure is seen to exceed that reached in the ϕ = 0.25 tests, corresponding to a higher 
temperature which drives the reactive mixture into hot ignition. 
Figure 4.4 also reveals a unique characteristic observed for the ϕ = 0.25 tests in this work. 
The hot ignition event has a period of rapid heat release followed by a period of slow heat 
release. These two phases occur because of a change in the dominant CO oxidation mechanism 
as the OH radical concentration is depleted. During the rapid oxidation phase, CO is oxidized 
primarily through CO + OH ↔ CO2 + H. As the OH concentration is depleted, this reaction 
becomes less significant and the primary CO oxidation reaction becomes CO + O2 ↔ CO2 + O, 
which occurs at a much slower rate than oxidation of CO by OH. This mechanistic feature is 
revealed because in the period leading up to the main ignition event, H2O2 is less abundant 
owing to lower fuel concentrations. Once the H2O2 decomposes into OH radicals, the 
correspondingly lower OH radical concentration is rapidly consumed. Even after oxidation of the 
CO by OH, temperatures are still relatively mild in the system which makes the transition to 
oxidation by O2 obvious because of the higher activation energy for the reaction. This is further 
discussed in Chapter 5. 
4.3 Chemical Kinetics Simulations of Jet Fuel Surrogates 
Ignition delay time measurements (τ1 and τ) for JP-5 (A-3) at stoichiometric conditions 
and compressed pressures of Pc = 20, 10, and 5 bar appear in Figure 4.5 where they are compared 
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with simulation results using proposed kerosene surrogates, since no simulatable JP-5 surrogate 
exists to the author’s knowledge. All of the kinetic modeling results were obtained using 
CHEMKIN-PRO. The simulations modeled the full compression stroke of the RCM to account 
for the influence of chemical reaction occurring prior to top dead center. The effective volume 
approach was utilized in this modeling where an incremental volume is added to the geometric 
volume at each step of the simulation to account for the influence of heat loss. The profiles 
specify effective volume as a function of time and were obtained by compressing fuel and 
nitrogen mixtures to inhibit combustion, yet comparably match the mixture heat capacities of the 
reactive experimental tests. The agreement between the data and predictions with the Dooley Jet-
A surrogate (42.7 mol% n-decane, 33 mol% iso-octane, and 24.3 mol% toluene) shown in Figure 
4.5 vary over the range of conditions tested, but the model typically overpredicts the τ1 and τ 
values for all of the simulated conditions. The agreement becomes reasonably good at the Pc = 5 
bar test cases, tending toward the NTC region. At lower temperatures, the predictions diverge 
Figure 4.5 Kinetic model predictions for kerosene surrogate fuels at  = 1.0 and compressed 
pressures of (a) 20 bar, (b) 10 bar, and (c) 5 bar. Hollow markers are first stage delay (τ1) 
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from the experimental values, and at the lowest temperatures tested for Pc = 5 bar (630 K), the 
surrogate predictions are 80% longer than the measured τ values. For the Pc = 20 bar test cases, 
the Dooley Jet-A surrogate predicts total ignition delay times that are approximately three times 
longer than the experiments. This disparity improves for the Pc = 10 bar test cases, where 
predictions are approximately 50% longer than measured in the experiments.  
 The Aachen surrogate (77.2 mol% n-decane and 22.8 mol% 1,2,4-trimethylbenzene) 
tends to underpredict the ignition delay values, as shown in Figure 4.5, although the qualitative 
trend in the data is closely reproduced by the surrogate model, particularly in regard to the 
decreasing activation energy observed entering the NTC region. At pc = 20 bar and pc = 10 bar, 
the predictions for the total ignition delay are approximately 50% of the experimental 
measurement. The agreement improves at Pc = 5 bar, where the predictions are 60 – 70% of the 
measured values. Note that the agreement may be arbitrarily improved by increasing the 
aromatic percentage for the surrogate fuel from the 20 %-vol baseline (22% by molar basis), 
although this will correspond to less accurate representation of the fuel composition and physical 
properties, where the JP-5 is comprised of 12% aromatic content. Experimental comparison of 
the synthetic jet fuels suggests that replacing n-decane in the surrogate model with a longer-chain 
paraffin should result in marginally shorter ignition delay predictions, which would lead to a 
greater disparity between experiment and simulation. 
The JP-5 ignition delay times measured at stoichiometric and fuel-lean conditions appear 
in Figure 4.6 and are compared with surrogate fuel model predictions. These data and simulation 
results were all acquired for compressed pressures of Pc = 20 bar, and the data reported in Figure 
4.6a are a reproduction of the data that appear in Figure 4.5a. These data are included again here 
for convenience of comparison with the lean ignition delay data and simulations. The same 
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general trend previously described exists for the fuel-lean tests when comparing the τ data to the 
τ predictions by the Dooley Jet-A surrogate, namely that the simulations overpredict the ignition 
delay times. The relative magnitude of overprediction by the Dooley Jet-A surrogate tends to 
decrease slightly for the lean conditions at the lowest tested temperatures. The Dooley Jet-A 
surrogate overpredicts the total ignition delay times by 200 – 400% across the full range of tested 
temperatures and for both of the lean equivalence ratios that were tested. It is interesting to note 
that for the  = 0.25 tests, the Dooley Jet-A surrogate provides reasonably accurate predictions of 
τ1, despite the total ignition delays being significantly different. For these tests, where a distinct 
two-stage ignition profile exists, it is likely that the effective volume profile obtained under non-
reactive conditions cannot properly account for accelerated heat loss experienced after the first 
stage of ignition. This shortcoming of the effective volume modeling approach is described by 
Mittal et al. [87]. Goldsborough et al. [88, 89] have proposed a methodology for modeling heat 
Figure 4.6. Kinetic model predictions for kerosene surrogate fuels at compressed pressures of Pc 
= 20 bar and equivalence ratios of (a)  = 1.0, (b)  = 0.5, and (c)  = 0.25. Hollow markers are 
first stage delay (τ1). 
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loss during multi-stage ignition; however, the authors note that by accounting for multi-stage 
ignition in the heat loss model, the surrogate model predictions of ignition delay will become 
longer, further deteriorating the consistency with the experiments.  
The Aachen surrogate underpredicts the first stage ignition delay for  = 0.5 and  = 0.25 
as seen in Figure 4.6b and c. Although instead of also underpredicting the total ignition delay as 
seen for stoichiometric conditions, the total ignition delay is overpredicted at  = 0.5 and is not 
predicted to occur within the simulation time at  = 0.25. At the leanest condition, no hot ignition 
is predicted within the valid time period of the effective volume profiles (200 ms). The 
simulations indicate that species oxidation is continuing to occur at the end of the simulation 
time and that the reaction is not quenched, but further simulations have not been pursued in a 
temporal region where it is uncertain if the zero-dimensional assumption can be applied to the 
reacting gas [28]. As described with the Dooley Jet-A surrogate predictions, modeling the 
influence of the first stage ignition on heat loss would increase the disagreement between the ϕ = 
0.5 tests and would exacerbate the lack of hot ignition in the  = 0.25 simulations. 
The findings are in agreement with data published by Wang and Oehlschlaeger [75], 
indicating that relative to conventional jet fuel τ measurements at low temperatures, the Aachen 
surrogate is underpredictive at stoichiometric conditions and overpredictive at lean conditions. In 
the same study, the data indicated that the Dooley Jet-A surrogate overpredicts total ignition 
delay times for stoichiometric and lean conditions, although only  = 0.5 was tested at a similar 
temperature region. 
4.4 Chapter Summary 
The autoignition characteristics of the three conventional fuels examined (JP-8, Jet-A, JP-
5) are very similar at tested conditions (Pc= 20 bar and  = 1.0,  = 0.5, and  = 0.25), despite 
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compositional differences, and this result is used to justify modeling of the JP-5 data with 
surrogate fuels and kinetic models intended for Jet-A. In addition, as the fuel concentration is 
increased under the  = 1.0 and  = 0.5 test cases, higher temperatures are achieved after the 
first-stage heat release which rapidly accelerates the main ignition event. The  = 0.25 test cases 
showed interesting three-stage ignition results which were examined further in kinetic 
simulations. 
Jet-A and kerosene-type surrogate fuels and kinetic models were used to model the JP-5 
ignition delay times. The Aachen surrogate predicted total ignition delay times that were shorter 
than experimental measurements under stoichiometric conditions but that were longer than the 
measurements at fuel lean conditions. The Dooley Jet-A surrogate predicted first-stage ignition 
delay and total ignition delay periods that were consistently longer than the experimental 
measurements. The best predictions for both of the surrogate fuels were obtained at low 
pressures (Pc = 5 bar) and stoichiometric conditions. When the NTC region was approached at 
low pressures, the Dooley Jet-A surrogate showed excellent agreement with the experimental 
data.   
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Chapter 5 Autoignition of Proposed Aviation Alternative Fuels 
Commercial and military aviation operations are seeking to supplant their current fuels 
with drop-in alternative fuels. Two attractive options are bio-derived HRJ and FT fuels. Because 
of the properties of these fuels, they are targeted to be used as blends with conventional jet fuel. 
Certification of alternative fuels requires a thorough understanding of fuel physical and chemical 
properties and extensive validation testing. Knowledge of the chemical kinetic behavior of 
alternative fuels, for example macroscopically exemplified through ignition delay, flame speed, 
and extinction limits, is needed for combustion model development. Kinetic targets for fuel 
characterization and model development have only recently become available in the literature for 
complex multi-component fuels, including autoignition studies for conventional, HRJ, and FT 
fuels [70, 75, 90]; however, little work has been performed regarding blends of conventional and 
alternative fuels. This chapter discusses the autoignition properties of HRJ-5, HRJ-8, FT fuels 
and 50/50 volumetric blends with conventional fuels being examined or already approved for use 
in tactical systems by the US military. 
5.1 Chemical and Physical Properties of Hydroreformed Jet Fuels 
To examine the differences between the test fuels, normalized chromatograms for the 
neat fuels are shown in Figure 5.1. The distinct peaks in the JP-8 chromatogram correspond to 
normal paraffins and are labeled for reference. The total ion chromatograms for the HRJ fuels are 
distinctly different from the conventional fuels, and the plots show evidence of the high ratio of 
branched to normal paraffinic content that is characteristic of HRJ fuels. The normal alkane 
components are not obvious, because virtually the entire fuel is composed of alkanes, and the 
composition is largely isoalkanes. HRJ-8 and HRJ-5 exhibit a similar composition in the lower 
carbon number range; however, HRJ-5 features an additional “hump” within the C15 – C17 range; 
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this is not an anomaly of hydroprocessing, but an intentional addition of heavy paraffins to 
increase the flash point of the fuel to meet DoD MILSPEC requirements. 
Table 5.1 displays selected chemical and physical properties of the camelina-derived HRJ 
fuels. The HRJ fuels are characterized by their lack of aromatic content, which is common for 
synthetic jet fuels and tends to increase the cetane number of the fuel. Additionally, the densities 
of the HRJ fuels are not sufficient to use as neat fuels in the current military tactical systems, 
therefore blending is needed for utilization of these fuels. These variations in properties 
inevitably lead to unique ignition behavior for each of the fuels as is evident in the cetane index 
listed in Table 5.1. In order to determine the compressed temperature conditions using the 
adiabatic core hypothesis, the temperature-dependent specific heats need to be approximated. Tc 
Figure 5.1. Gas chromatograms of conventional fuel, JP-8, and the camelina-
derived alternative fuels HRJ-8 and HRJ-5. 
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was calculated using the thermophysical properties of n-dodecane with a correction factor for 
each fuel, based on the fuel’s estimated molecular weight ratio to n-dodecane. Thermophysical 
property data was found via Burcat [79], while molecular weights were estimated by the methods 
of Rao et al. [84] where the fuel average molecular formulae for HRJ-8 and HRJ-5 are estimated 
as C11.89H23.06 and C13.93H29.75, respectively. 
Table 5.1. Chemical and physical properties of the HRJ fuels tested 













HRJ-8 6152 58 43 0.752 21.5 76.3 1.8 
 
0.0 
HRJ-5 - 66 62 0.768 53.8 45.3 0.3 0.0 
5.2 Hydroreformed Jet Fuel Autoignition 
Figure 5.2 presents a comparison of JP-8 and HRJ-8 ignition delays and Figure 5.3 
compares JP-5 and HRJ-5 ignition delays at compressed pressures of Pc = 20, 10, and 5 bar, all 
at stoichiometric conditions in air. For any particular compressed temperature and pressure, it is 
observed that the HRJ fuels ignite more readily than conventional fuels, which is consistent with 
Figure 5.2. Ignition delays for JP-8, HRJ-8, and 50/50 volumetric blends at stoichiometric 
conditions and compressed pressures of 20, 10, and 5 bar. 
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expectations regarding synthetic fuels. Additionally, the 50/50 volumetric blends ignition delays 
fall between the neat conventional and HRJ fuels tested. However, the comparison also reveals 
unique characteristics of the fuels as they transition into the negative temperature coefficient 
(NTC) region, which is characterized by decreased reactivity with increasing temperature. NTC 
behavior occurs because the low-temperature chain-branching pathway passes through a reaction 
where oxygen adds to an alkyl radical (R + O2 ↔ RO2). At low temperatures, RO2 is favored in 
this equilibrium (and therefore chain branching), but as the temperature is increased beyond 
∼700 K, the equilibrium shifts toward the reactants; therefore, that competition with R + O2 → 
HO2 + alkene becomes important. The formation of HO2 radicals rather than OH via the chain-
branching pathway serves to moderate the reactivity and reveal NTC behavior. The NTC effect 
is evident in Figures 5.2 and 5.3 for the data taken at Pc = 5 bar for the conventional, HRJ, and 
blends, as well as the Pc = 10 bar, of JP-8 and JP-5 data. At higher pressures, the equilibrium is 
pushed toward RO2, thus raising the temperature requirement for favoring the dissociation of 
Figure 5.3. Ignition delays for JP-5, HRJ-5, and 50/50 volumetric blends at stoichiometric 
conditions and compressed pressures of 20, 10, and 5 bar. 
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RO2 that would underlie entrance to the NTC region. For the author’s experiments, this has the 
effect of suppressing the appearance of the NTC region at higher pressures because the NTC 
temperature cannot be reached in the experiment prior to first-stage ignition activity occurring 
with the RCM compression stroke. This result is evident in the Pc = 20 bar data sets in Figures 
5.2 and 5.3. 
The tests at 5 bar indicate that NTC behavior becomes evident in the HRJ fuels at a lower 
compressed temperature than that of the conventional fuels. This observation is consistent with 
prior studies that note the appearance of NTC behavior at lower temperatures for synthetic jet 
fuels relative to conventional jet fuels. It was claimed that this may occur because of a 
scavenging effect of the aromatic radical species. Our interpretation is that this may be a 
thermokinetic effect based on the different amounts of heat release between the conventional and 
HRJ fuels. Consider a pair of JP-5 and HRJ-5 tests exhibiting two-stage ignition and where each 
of the unique fuel−air mixtures are compressed to the same temperature and pressure. The first 
Figure 5.4 Ignition delays for JP-8, HRJ-8, and 50/50 volumetric blends at a compressed 
pressures of 20 bar and equivalence ratios of  = 1.0,  = 0.5, and  = 0.25. 
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stage of heat release in the HRJ-5 will lead to a higher temperature than that in the JP-5 because 
of the fully paraffinic nature of the HRJ-5. The higher post-first-stage temperature in the HRJ-5 
means that intermediate-temperature chemistry and, hence, NTC behavior can be achieved from 
a lower compressed temperature. 
Ignition delays for JP-8, the proposed camelina-derived HRJ replacement (HRJ-8), and 
the 50/50 volumetric blends at a Pc = 20 bar and equivalence ratios of  = 1.0, 0.5, and 0.25 are 
depicted in Figure 5.4. JP-8 ignites slower than HRJ-8 at all conditions as expected based on the 
cetane indices of the fuels, and the fact that HRJ-8 has a high paraffinic content, where the 
isoparaffins are lightly branched, and lacks aromatic content. A general trend that is observed is 
the influence of the equivalence ratio on the blend. Both neat fuels remain around the same 
difference of reactivity (~1.5 ms in ignition delay) as the equivalence ratio is reduced despite 
some deviation at the  = 0.25 condition, which exhibits a reduction in the overall activation 
energy in comparison to the  = 1.0 and  = 0.5 conditions. However, the blend does not 
Figure 5.5. Ignition delays for JP-5, HRJ-5, and 50/50 volumetric blends at a compressed 
pressures of 20 bar and equivalence ratios of  = 1.0,  = 0.5, and  = 0.25. 
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maintain this reactivity difference, and appears to converge towards the reactivity of HRJ-8 at 
leaner conditions. A similar phenomenon is observed for other synthetic fuels studied at lean 
conditions in this thesis. 
Ignition delays for JP-5, the proposed camelina-derived HRJ replacement (HRJ-5), and 
the 50/50 volumetric blends at a Pc = 20 bar and equivalence ratios of  = 1.0, 0.5, and 0.25 are 
depicted in Figure 5.5. The neat fuels portray the expected behavior based upon their chemical 
compositions and cetane indices, with JP-5 having longer ignition delay than HRJ-5 at a given 
condition. However, the reverse behavior to that observed for the JP-8/HRJ-8 fuels is detected 
for the JP-5/HRJ-5 fuels at reduced equivalence ratios. HRJ-5 reactivity difference converges 
towards the reactivity of JP-5 at leaner conditions, the opposite of the behavior seen in JP-8 and 
HRJ-8. A reduction in the overall activation energy at  = 0.25 is apparent in the JP-5/HRJ-5 
fuels; however, this reduction in activation energy takes place at lower temperatures for HRJ-5 
and the blend. One hypothesis for this behavior is that the HRJ-5 contains significant branching 
of higher carbon number isoparaffins, as indicated by the “hump” region in its chromatogram, 
which could lead to an earlier entrance into the NTC regime at lean low-temperature conditions. 
5.3 Chemical Kinetics Simulation of HRJ Jet Fuels 
This section evaluates several kinetics models for their predictive capabilities of 
autoignition characteristics using experimental results from the RCM. Test cases examined 
represent conditions at the edge of the performance envelope for a jet engine that could result in 
lean blowout and startup operations (low temperature, lean mixture). The kinetics models used 
from the Ranzi [1], Dooley [67], and Aachen [91] groups were developed to simulate 
conventional kerosene fuel (e.g., Jet-A) under specified operating conditions. For the purpose of 
this work, the models were evaluated at the same conditions as those conducted in the 
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experiments, even if the conditions lay outside of the region specified by the model. The model 
that best simulated the conventional fuel experimental results was selected for use in further 
investigations of a simplified representative HRJ blend. A simplified blend that captures general 
ignition features rather than attempting to create a surrogate that matched many of the chemical 
and physical properties of the HRJ-8 fuel was selected. The simulation results conducted in this 
study provide insight into intricacies in ignition features experienced at lean, low-temperature 
conditions. 
Table 5.2. Details of evaluated chemical mechanisms 
Mechanism # Species # Reactions Surrogate Component Mixture (mass %) 






(Politecnico di Milano) 
328 9570 
n-dodecane/ methylcyclohexane/ o-xylene 






There are a number of chemical kinetics models available for use in the literature. The 
models vary greatly in their total number of reactions and species, ranging from detailed to 
simplified models. Table 5.2 shows the variation in mechanism size for both the number of 
species and total reactions among the three kinetic models evaluated. The published surrogate 
components are included for each mechanism, and the initial evaluation of the mechanisms 
utilized these surrogate mixtures for each respective mechanism. Modeling was carried out with 
CHEMKIN-Pro using a closed homogeneous reactor with a prescribed volume profile 
corresponding to the RCM, which undergoes constant volume combustion, utilizing the 
recommended surrogates created for each model. These surrogates were used to represent both 
JP-8 and JP-5 because of the similarities seen in low temperature ignition between conventional 
fuels previously discussed in Chapter 4. 
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Figure 5.6 shows the results of each surrogate in comparison to the measured 
experimental trace, indicating closest agreement to experimental results for both the Dooley and 
Ranzi mechanisms. The Aachen mechanism fails to show ignition within the time frame for both 
 = 0.25 and 0.5 cases. All mechanisms for the  = 0.25 condition were run to achieve a Tc near 
645 K and a Pc near 20 bar to agree with the experimental results shown and similarly for the  = 
0.5 condition with a Tc near 632 K. Following compression, the compressed pressure and 
temperature remain nearly constant until ignition. The Dooley and Ranzi mechanisms replicate 
multistage ignition for the  = 0.25 case and single stage ignition for  = 0.5. Both Dooley and 
Ranzi mechanisms overpredict the final pressure and under-predict the ignition delay. On the 
basis of the initial simulation results for the three mechanisms, the Ranzi mechanism was 
selected for use in further investigation of simplified HRJ fuel blends in the lean, low 
temperature operating condition of interest mainly based on first order correlations of the 
ignition profiles.  
 
Figure 5.6. Chemical mechanism evaluation for (a)  = 0.25 (1st, 2nd, and 3rd stage ignition 
labeled) and (b)  = 0.5, showing good agreement with the Ranzi mechanism for 
conventional jet fuel (JP). 
Rather than developing a multicomponent fuel surrogate in an attempt to simultaneously 
replicate physical and chemical features of the fuels, such as derived cetane number, threshold 
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sooting index, and varied hydrocarbon classes, this work uses simplified two-component blends, 
aiming to capture general ignition features at the specified conditions. This simplification affords 
reduced computational time and initial examination of relevant reaction chemistry during 
multistage ignition events. Earlier work by Kick et al. [92] demonstrates the use of a simplified 
fuel mixture composed of n-decane and iso-octane in a 90.6/9.4 mol percent ratio to represent a 
gas-to-liquid (GtL) fuel, representing FT-SPK. Additional work by Mzé-Ahmed et al. [93] 
highlights the use of n-dodecane and n-undecane, larger n-alkanes than n-decane, to represent 
conventional Jet A-1 fuel having a chemical formula close to C11H22. Thus, an HRJ-8 two-
component blend was developed, utilizing n-dodecane as the n-alkane component and iso-octane 
as the isoalkane component. The proportions of the straight and branched alkane components 
were selected to reflect the light level of branching present in HRJ fuels. These two components 
were selected to match the general chemical composition of the fuels regarding MW and H/C 
ratio as shown in Table 5.3 with real fuel values shown in bold and the corresponding simulation 
blend values italicized. The component selection is limited by the species available in the Ranzi 
mechanism, which lacks lightly branched alkanes in the desired carbon number range (C9−C12). 
From the available species, the HRJ-8 comprised of n-dodecane and iso-octane in a 90/10 mass 
percent blend. Although this blend does not reflect the straight and branched ratio shown in 
Table 5.1, as lightly branched components were not available, it was used to better capture the 
light branching present in the fuel by skewing the blend toward the straight chain component. 
Table 5.3. Real Fuel and Simulation Blend Property Comparison 
Real Fuel 
Simulation Blend 




Molar H/C Ratio 
(Mass) 
JP (Averaged JP-5/8) 
JP Simulation 
n-dodecane  (57) 
methylcyclohexane                 (21) 





HRJ-8 (Camelina Air Force) 
HRJ-8 Simulation 
n-dodecane  (90) 







For the species formation in the leaner case to be better understood, a rate of production 
reaction analysis was conducted for CO and H2 is shown in Figure 5.7 for the HRJ-8 simulation 
results. For  = 0.25 in the secondary intermediate region (between second and third stage 
ignition marked by the orange x), CO and H2 relevant reactions include opposing production and 
destruction reactions, possibly resulting in delay for the third ignition rather than having a single 
main ignition as occurs in richer case. This delay in ignition from the competing reactions is 
unique for the lean case and can be attributed to the CO presence, as the other species tracked do 
not exhibit the slight increase in concentration prior to third stage ignition as seen for CO. 
Overall, the reactions are dominated by destruction, reacting to form CO2, OH, and H. The OH 
radicals are then consumed during the final third stage ignition destruction reactions. The 
duplicated CO + OH ↔ CO2 + H reactions reported are a result of a duplicated reaction utilized 
in the kinetic mechanism with slightly different reaction rate coefficients, resulting in two values 
for the same reaction. Without further clarification from the specified mechanism with regard to 
the appropriate rates for the given temperature conditions, it could not be determined which of 
the two results should be accepted as valid given the simulation run conditions. The main CO 
production reactions, O2 + HCO ↔ HO2 + CO, HCO + M ↔ CO + H + M, and HCCO + O2 ↔ 
2CO + OH are also the same for the two blends. More minor production reactions vary for the 
two blends with HRJ-8 showing some CO production from O2 + CH2CHO ↔ CH2O + OH + CO 
and CH3CO + M ↔ CH3 + CO + M. Examination of H2 reactions in the intermediate stage 
shows the destruction of H2 occurring more than the production, but because production 
reactions are occurring the rate of destruction is slower than what occurred during the main 
ignition event. The major reactions resulting in the destruction of H2 are H + H2O ↔ H2 + OH 
and O + H2 ↔ OH + H.  Both of these reactions are producing OH, explaining the increase in 
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OH seen after the main ignition event, ultimately leading to the heat release seen in the third 
stage. 
Figure 5.7 indicates important reactions during the third stage ignition (indicated by 
green x), CO reactions are dominated by destruction reactions, primarily CO + HO2 ↔ CO2 + 
OH and CO + OH ↔ CO2 + H, causing the sharp decline in CO presence following third stage 
ignition as shown. The HRJ-8 reactions show CO + OH ↔ CO2 + H providing the stronger route 
for CO destruction in both cases. The duplicate CO + OH ↔ CO2 + H reactions in the chemical 
mechanism utilize different rate coefficients for data fitting purposes. OH radicals produced in 
the HCCO + O2 ↔ 2CO + OH reaction during the intermediate stage are now consumed, 
providing for the final heat release corresponding to the third stage ignition. Based on major H2 
reactions occurring during the third stage ignition, the final stage of ignition appears to be of an 
equilibrium formation between H2O and H2. The primary reactions involved in the two blends 
Figure 5.7. The graph in the middle of the figure shows the production/destruction curves of CO 
and H2 for the simulation for HRJ-8. The rate of production reaction analysis for the intermediate 
stage ignition (orange x) are shown on the left side of the figure. The rate of production reaction 
analysis for the third stage ignition (green x) are shown on the right side of the figure. 
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examined are the production of H2 via CO + H2O ↔ CO2 + H2 and the destruction of H2 via H2 + 
OH ↔ H + H2O, where the destruction reaction is slightly greater than the production reaction. 
On the basis of the rate of production results shown, it appears that for the lean case of  = 0.25 
the oxidation kinetics that dominate in the final stage of ignition are CO−H2−O2 kinetics. 
5.4 Chemical and Physical Properties of Fischer-Tropsch Jet Fuels 
Normalized chromatograms for the neat fuels are shown in Figure 5.8. The distinct peaks 
in the JP-8 chromatogram correspond to normal paraffins and are labeled for reference. The TICs 
for the FT fuels are distinctly different from the conventional fuels. The FT fuels are narrower 
cuts in the lighter end of the boiling range of the conventional fuels. Shell FT contains prominent 
n-paraffinic content and displays a similar TIC as the conventional fuels. Contrastingly, Sasol FT 
Figure 5.8. Gas chromatograms of a conventional fuel and the Fischer-Tropsch 
alternative fuels examined. 
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does not show any apparent n-paraffin peaks, indicating a major isoparaffinic composition. 
Table 5.4 shows that synthetic fuels either contain very little or no aromatics. Sasol FT 
has no cetane listed rating because the cetane index fails to track cetane number for unusual fuels 
like Sasol FT. Generally, synthetic fuels have higher cetane number because of the 
overwhelming paraffinic content, however the influence of other chemical groups such as iso- or 
cycloparaffins, as well as olefins can substantially alter ignition properties. In order to determine 
the compressed temperature conditions using the adiabatic core hypothesis, the temperature-
dependent specific heats need to be approximated. Tc was calculated using the thermophysical 
properties of n-dodecane with a correction factor for each fuel, based on the fuel’s estimated 
molecular weight ratio to n-dodecane. Thermophysical property data was found via Burcat [79], 
while molecular weights were estimated by the methods of Rao et al. [84] where the fuel average 
molecular formulae for Shell FT and Sasol FT are estimated as C10.68H23.33 and C10.86H22.84, 
respectively. Differences among the FT fuels and conventional fuels physical and chemical 
properties motivate investigation into the autoignition characteristics of the fuels under different 
conditions. 


















Sasol FT - 40 0.760 0.5 89.5 7.9 2.1 
5.5 Fischer-Tropsch Jet Fuel Autoignition 
Figure 5.9 displays the low-temperature RCM data for the conventional, Shell FT, and 
50/50 volumetric blends of the FT fuel with JP-8 and JP-5. The neat Shell FT and conventional 
fuels ignition delays show Shell FT tends to have a shorter ignition delay at similar conditions, 
which correlates with the cetane index. Shell FT has a comparable chemical structure to the 
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conventional fuels, but lacks aromatics and cycloparaffin content. Hence, the shorter ignition 
delay for Shell FT, composed of n- and isoparaffins with high reactivity associated with their 
potential for rapid radical production through the low-temperature chain branching mechanism 
due to large number of secondary C-H bonds providing relative RO2 stability and rapid 
RO2↔QOOH isomerization, compared to JP-8 and JP-5. The blends appear to be more similar in 
ignition delay to Shell FT, especially at the lean condition. This observation is likely the result of 
decreased inhibitive influence from aromatics at lean low-temperature conditions. In the 
presence of excess oxygen, aromatics can react directly with O2 creating peroxy radicals and 
Figure 5.9. Ignition delays for conventional and Shell FT fuel at Pc = 20 bar and  = 1.0 
(left) and 0.5 (right). The JP-8 and JP-5 Blend represent 50/50 volumetric blends of the 
neat FT fuel examined with the corresponding conventional fuel. 
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bridged structures, which fragment into smaller species thereby accelerating radical production 
and aromatic removal [94].  
The Sasol FT ignition delay is displayed in Figure 5.10 and shows a significant difference 
in ignition relative to Shell FT, where Sasol FT has very similar ignition delay at the  = 1.0  
condition in comparison to the conventional fuels. Sasol FT almost completely consists of 
isoparaffins, which are hypothesized to be heavily branched in nature. Lightly branched paraffins 
react slower than their n-paraffin parent, but still generally have a relatively high reactivity due 
to the numerous secondarily bonded hydrogen atoms found in these compounds which aids in 
Figure 5.10. Ignition delays for conventional and Sasol FT fuel at Pc = 20 bar and  = 1.0 
(left) and 0.5 (right). The JP-8 and JP-5 Blend represent 50/50 volumetric blends of the 
neat FT fuel examined with the corresponding conventional fuel. 
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isomerization. However, for highly branched paraffins, the rate of isomerization is slower due to 
the fewer available secondary hydrogens for transfer through isomerization involving 
energetically preferred 6-membered transition states. As expected, the blend has very similar 
reactivity to the neat fuel at  = 1.0 as a result of the Sasol FT’s comparability in ignition delay 
time with the conventional fuels. However, under lean conditions, Sasol and the 50/50 blends 
appear to enter NTC region more rapidly than conventional fuels at  = 0.5. This has also been 
noted in the literature by Gokulakrishnan et al. [95] where ignition delays of isoparaffins in the 
intermediate temperature can increase drastically due to faster isomerization reaction to QOOH, 
leading to earlier NTC behavior. 
5.6 Chapter Summary 
The autoignition characteristics of the camelina-derived HRJ fuels examined (HRJ-8 and 
HRJ-5) and 50/50 blends with their corresponding conventional fuel (JP-8 and JP-5) was 
examined at various compressed pressures ( = 1.0 and Pc = 20 bar, Pc = 10, bar Pc = 5 bar) and 
equivalence ratios (Pc = 20 bar and  = 1.0,  = 0.5, and  = 0.25). The HRJ fuels all ignited 
faster than the conventional fuels as a result of their paraffinic content with the blends falling 
between the two neat fuels contained in the blend. However, an interesting phenomena was noted 
where blend reactivity seems to converge toward one of the neat fuels, especially at lean 
conditions. The HRJ fuels also have a propensity to enter the NTC region earlier than the 
conventional fuels which is commonly noted for synthetic jet fuels. 
Several mechanisms were examined for their predictive capabilities in modeling 
conventional jet fuel in low temperature and lean combustion regimes. Of the three mechanisms 
evaluated, both the Ranzi and Dooley mechanisms accurately captured unique multistage 
ignition for the extra lean  = 0.25 case for conventional fuel blends. The results from the Ranzi 
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mechanism were in close agreement to previous experimental results with respect to capturing 
the ignition delay time of the main ignition event and first order correlations of the ignition 
profiles. A custom surrogate was utilized to approximate HRJ-8 with efforts on matching 
molecular weight, C/H ratio, and composition to examine three stage ignition behavior at the  = 
0.25 condition. CO and H2 reactions appear to be the main cause of the third stage of ignition. 
An analysis of the reactions responsible for CO and H2 production and destruction preceding and 
during the third stage ignition indicate that CO−H2−O2 kinetics are the driving force for the third 
stage ignition seen. 
The autoignition characteristics of two FT fuels was also examined (Pc = 20 bar and  = 
1.0,  = 0.5). The Shell FT fuel had a composition similar to the conventional fuels, despite the 
aromatic content, which resulted in rapid reactivity because of the overwhelming paraffinic 
content. The Sasol FT fuel which is comprised of almost completely isoalkanes and had ignition 
delays very similar to the conventional fuels. This shows the impact branching can have on 
ignition delays where the branching in Sasol FT is hypothesized to be moderate. This study 
motivates further investigation of chemical structure and multi-component fuel composition on 
ignition chemistry, especially under lean conditions and for blends of disparate fuels, to enhance 
combustion chemistry understanding and provide data for the improvement of kinetic models.   
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Chapter 6 Autoignition of Surrogate Fuels with Targeted Properties 
This chapter provides the findings from the investigation of a group of alternative fuels 
that include: three Sasol isoparaffinic solvents; 50/50 volumetric blends; and six Category C 
fuels that were specifically designed with targeted properties. Autoignition experiments were 
conducted in a rapid compression machine using the direct test chamber charge preparation 
technique. 
The category C fuels were custom formulated to anticipate special property variations 
that generally occur in alternative fuels. Chemical constituents in the fuel provide insight into the 
autoignition characteristics influenced by cycloparaffinic content, extent of branching in 
isoalkanes, and aromatics. The results quantify the degree of variability in the ignition properties 
at low temperature and lean conditions. The variability affects combustion performance when an 
engine is running outside its normal operating map or for new engine architectures that week to 
optimize performance, efficiency and emissions across the full operating range. 
6.1 Chemical and Physical of Paraffinic FT Solvents 
The Sasol FT solvent chromatograms displayed in Figure 6.1 indicate that LPA-210 and 
LINPAR 1416V are in the heavier end of the conventional jet fuel boiling range, while LPA-142 
is slightly lighter. Both of the LPA fuels, which are categorized as isoparaffinic solvents, display 
no major n-paraffinic content, while LINPAR1416V is almost completely composed of n-
paraffins. 














LPA-142 40.6 63 0.805 0 
 
33.5 66.5 0 
LPA-210 50.5 108 0.829 5.1 64.6 30.3 2.3 
LINPAR 1416V 76.5 118 0.771 96.3 2.5 1.2 0 
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Table 6.1 lists selected physical and chemical properties of the Sasol isoparaffinic 
solvents. One major challenge with alternative fuels is meeting the military fuel density 
specification (0.775 – 0.840 g/mL). Table 6.1 shows that the LPA solvents meet this 
specification, which is rare among most alternative fuels. Alternative fuel densities typically fall 
below the lower density specification limit of JP-8 and JP-5. The lack of aromatics is still 
apparent in these fuels, which is as expected since they are isoparaffinic solvents. LPA-142 is 
Figure 6.1. Gas chromatograms of a conventional fuel, JP-8, and the 
Sasol FT solvents LPA-142, LPA-210, and LINPAR 1416V. 
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tailored to yield insight into the effects of cycloalkanes (66.5%) on ignition delay. LPA-210 
enables study of isoalkanes (64.6%). LINPAR 1416V is intended for the investigation of n-
alkanes (96.3%) effect on ignition delays. In order to determine the compressed temperature 
conditions using the adiabatic core hypothesis, the temperature-dependent specific heats need to 
be approximated. Tc was calculated using the thermophysical properties of n-dodecane with a 
correction factor for each fuel, based on the fuel’s estimated molecular weight ratio to n-
dodecane. Thermophysical property data was found via Burcat [79], while molecular weights 
were estimated by the methods of Rao et al. [84] where the fuel average molecular formulae for 
LPA-142, LPA-210, and LINPAR 1416V are estimated as C11.36H22.67, C14.49H28.27, and 
C15.75H33.91, respectively.  
6.2 Autoignition of Paraffinic FT Solvents 
Ignition delay measurements for LPA-142, the conventional fuels JP-8 and JP-5, and the 
corresponding 50/50 volumetric blends are presented in Figure 6.2. LPA-142 has similar ignition 
delays to JP-5 and JP-8 under all conditions studied. LPA-142 contains some isoparaffins, but 
has mostly cycloparaffinic content. At low temperatures, the oxidation of cyclo-components is 
significantly lower than that of an n-paraffin mainly due to the isomerization pathways and olefin 
formation. In comparison with non-cyclic structures, cyclic structures and resultant hydrogen 
distributions reduce the number of hydrogens available to the (1,5) H-shift, but retain abundant 
hydrogens for the (1,4) H-shift in the isomerization of fuel peroxy radicals, RO2→QOOH, which 
corresponds to the observed lower reactivity and higher olefin formation during low temperature 
oxidation [96]. As expected, the blends have very similar reactivity at all experimental 
conditions as a result of LPA-142’s similarity in ignition delay time to the conventional fuels. 
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Investigation of LPA-210 is shown in Figure 6.3. LPA-210 has shorter ignition delays 
relative to the conventional fuels at  = 1.0. LPA-210 compositionally is almost completely 
isoparaffins and cycloparaffins with trace amounts of n-paraffins and aromatics. The shorter 
experimental ignition delays may be the result of two factors. First, the higher carbon number 
range of LPA-210, where larger hydrocarbons generally ignite faster than smaller hydrocarbons 
under the same conditions; although some studies have shown that this factor has a limited effect 
[97]. Therefore, the majority of the increased reactivity of LPA-210 is attributed to the second 
factor, isoparaffins. The isoparaffins in LPA-210 are hypothesized to be minimally to moderately 
branched. This hypothesis enables the isoparaffins to contain substantial secondary hydrogens 
Figure 6.2. Ignition delays for conventional and LPA-142 fuel at Pc = 20 bar and  = 1.0 (left) 
and 0.5 (right). The JP-8 and JP-5 Blend represent 50/50 volumetric blends of the neat LPA-142 
FT solvent with JP-8 and JP-5, respectively. 
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which aid in isomerization, allowing for earlier ignition. The 50/50 blends have analogous 
reactivity to neat LPA-210, than the military fuels at  = 1.0 and  = 0.5. However, at  = 0.5, 
LPA-210 and the blends appear to approach the reactivity of the conventional fuels. This could 
be the result of these fuels entering the NTC region earlier. Intermediate-temperature data shows 
that the LPA-210 has a very strong NTC region [85], where a significant increase in delay occurs 
with temperature increase and these effects appear to be more pronounced at lean conditions.  
The final solvent, LINPAR 1416V has significantly shorter ignition delays than the 
conventional fuels at all conditions studied, as displayed in Figure 6.4. This behavior was 
expected because of the high cetane index and long chained n-paraffins that LINPAR 1416V 
Figure 6.3. Ignition delays for conventional and LPA-210 fuel at Pc = 20 bar and  = 1.0 (left) 
and 0.5 (right). The JP-8 and JP-5 Blend represent 50/50 volumetric blends of the neat LPA-210 
FT solvent with JP-8 and JP-5, respectively. 
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contains, which should react rapidly in the low-temperature conditions because of ample 
secondary hydrogens. The blends appear to be more similar in ignition delay to the neat solvent 
at  = 1.0 and  = 0.5. Similar reasoning, as used in the explanation of this phenomena in 
Chapter 5.5, on the influence of lean conditions on aromatic reactivity, is hypothesized to 
produce the blends increased reactivity.   
6.3 Chemical and Physical Properties of Surrogate Fuels with Targeted Properties 
Combustion characteristics of six Category C fuels were studied: 1) a highly branched 
isoparaffinic ATJ which consists primarily of isododecane and isocetane (C-1); 2) a “bimodal” 
Figure 6.4. Ignition delays for conventional and LINPAR 1416V fuel at Pc = 20 bar and  = 1.0 
(left) and 0.5 (right). The JP-8 and JP-5 Blend represent 50/50 volumetric blends of the neat 
LINPAR 1416V FT solvent with JP-8 and JP-5, respectively. 
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blend of 84% vol. tetradecane and 16% vol. 1,3,5-trimethylbenzene (C-2); 3) blend of 64% vol. 
A-3 and 36% vol. farnesane (C-3); 4) blend of 40% vol. C-1 and 60% vol. Sasol high-
temperature FT isoparaffinic kerosene (C-4); 5) blend of 73% vol. decane and 27% vol. 1,3,5-
trimethylbenzene (C-5); and 6) a DSHC fuel that contains 2,6,10-trimethyl dodecane (farnesane). 
Table 6.2, provides a summary of the fuels and their designations (C-#) for this report. 
Table 6.2. Category C fuels blend composition 
All of the Category C fuels were obtained 
from the U.S. Air Force Research Laboratory. 
Category C fuels have unique features 
described below, although all of the corresponding attributes are not fully understood. C-1 
represents a low cetane fuel with an unusual boiling range, while also exhibiting highly branched 
species for analysis. C-2 is intended to highlight the issue of potential dominance of particular 
fuel chemistry in the more volatile part of the boiling range, in this case, C9 aromatics [68]. C-3 
allows for the examination of a high viscosity fuel (8.3 cSt at -20°C). C-4 represents a wide-
boiling blend with a low cetane number because of the presence of C-1, which contains highly 
branched alkanes [15]. C-5 will examine a narrow boiling range fuel, in the lower boiling range 
of conventional jet fuels. Farnesane is proposed as a blending component for use with Category 
A and C fuels. These unique features of the category C fuels are more obviously displayed in 
Figure 6.5 and Table 6.3, which are explained further below. 
Figure 6.5 shows the normalized total ion chromatograms of the Category A and C fuels 
being investigated. A major difference that can be seen between the Category C fuels in 
comparison to the Category A fuel is the overall lack of normal alkanes. A lack of normal 
alkanes may be an indication that the ignition delay of the fuels will be longer, unless significant 
amounts of lightly branched alkanes are present. C-1 and farnesane both are comprised of very 
Fuel Blend Composition (% vol.) 
C-1 100% highly branched ATJ Fuel 
C-2 84% tetradecane & 16% 1,3,5-TMB 
C-3 64% Jet A-3 & 36% farnesane 
C-4 60% isoparaffinic FT & 40% Jet C-1 
C-5 73% decane & 27% 1,3,5-TMB 
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few species, thus have very small boiling ranges and present a stark contrast from the Category 
A fuels. C-5 also has a narrow boiling range that is on the lower boiling range of conventional jet 
fuel. The remainder of the Category C fuels have broader boiling ranges, but contain dominating 
Figure 6.5. Gas chromatograms of a conventional fuel Jet A-1 (JP-8) and the Category C fuels. 
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peaks of the neat components in their blend compositions, while the Category A fuel contains a 
more Gaussian shaped carbon range. 
Combustion issues with alternative fuels mainly exist because of the intrinsic nature of the 
fuels. Table 6.3 lists selected chemical and physical properties of the Category C fuels. One 
challenge associated with using synthetic jet fuels as drop-in replacements for conventional jet 
fuels is achieving the fuel density specifications set for military fuels (0.775 – 0.840 g/mL). 
Table 6.3 shows that only the C-2 and C-3 fuels meet the density specification, while the 
remainder of the Category C fuels are below the low end of the required fuel density 
specification. Another feature to note is that Category C fuels generally contain a greater ratio of 
isoalkanes to normal alkanes, which was a feature also indicated in Figure 6.5. The aromatic 
content of the Category C fuels is similar to that of the category A fuels, with the exception of C-
1, C-4, and farnesane which contain almost no aromatics and C-5 which is on the high-end of 
aromatic content. Aromatics are important because of their importance to proper swelling of 
elastomer seals and are commonly linked to volumetric energy density which is important when 
considering engine power and/or vehicle range of the combustion device [76, 77]. The disparity 
between the fuels and their unique properties, as noted by their cetane numbers, motivates 
investigation into the autoignition characteristics of the category C fuels.   
Table 6.3. Chemical and Physical Properties of Category C Fuels 













Farnesane 10320 - 110 0.770 0 
 
100 0 0 
C-1 10262 17.1 50 0.760 <0.01 99.62 0.05 <0.01 
C-2 12223 50.4 40 0.782 5.16 77.51 0.07 17.05 
C-3 12341 47.0 63 0.808 9.17 45.19 31.72 13.61 
C-4 12344 28.0 108 0.760 0.23 98.94 0.43 0.39 
C-5 12345 39.6 118 0.770 17.66 51.58 0.07 30.68 
 
In order to determine the compressed temperature conditions using the adiabatic core 
hypothesis, the temperature-dependent specific heats need to be approximated. The 
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thermodynamic properties for the category C fuels, with the exception of farnesane, were 
approximated using surrogate approximations formulated by Xu et al. [81]. The thermodynamic 
data was provided from pure component surrogates created with specific attention paid to 
matching the molecular weights of the category C fuels. Tc was calculated for farnesane using 
the thermophysical properties of n-dodecane with a correction factor of farnesane’s molecular 
weight ratio to n-dodecane. Thermophysical property data if not provided was found via Burcat 
[82], while molecular weights were estimated by the distillation methods of Rao and Bardon 
[84]. A summary of the surrogate compositions and calculated average formulae for molecular 
weights is summarized in Table 6.2. 
Table 6.4. Thermochemical surrogate composition for the Category C fuels 
Fuel POSF Composition 
Average 
Formula 
Farnesane 10320 100% n-dodecane with correction based on molecular weight C15H24 
C-1 10262 85% isododecane, 15% isohexadecane C12.60H27.20 
C-2 12223 20% 1,2,4-trimethylbenzene, 80% isotetradecane C12.31H24.07 
C-3 12341 
15% 1,2,4-trimethylbenzene, 45% isopentadecane, 10% n-dodecane, 
20% hexylcyclohexane, 10% dicyclohexane 
C12.48H24.42 
C-4 12344 
5% isononane, 20% isodecane, 25% isoundecane, 45% isododecane, 
5% isohexadecane 
C10.84H23.69 
C-5 12345 30% 1,2,4-trimethylbenzene, 50% isodecane, 20% n-decane C9.80H19.16 
6.4 Autoignition Properties of Surrogate Fuels with Targeted Properties 
Figure 6.6 displays low-temperature RCM ignition delay data for Jet A-1, C-1, and C-4. 
The neat C-1 and conventional Jet A-1 fuel ignition delays show that C-1 has a longer ignition 
delay, that drastically increases at the  = 0.5 condition. Data for C-1 at the  = 0.25 condition 
could not be obtained since no discernable ignition occurred within the conducted experiment 
runtime. The long ignition delays of C-1 are attributed to the significantly branched nature of 
isododecane and isocetane, which has been shown to yield retarded ignition time [98, 99]. 
Reasoning for this is the high levels of branching that can impede isomerization reactions, 
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inhibiting the energetically favorable six-membered ring transitions under the low-temperature 
chemistry pathway. Additionally, isocetane’s chemical structure, which is similar to that of 
isooctane, has been shown to react and produce a high level of isobutene as an intermediate that 
is unusually stable, thus also attributing to the longer ignition delay [99]. 
Figure 6.6 shows C-4 results with similar ignition delays at  = 1.0 relative to the 
conventional fuel Jet-A1, with differences becoming more apparent at increased temperatures 
and decreased equivalence ratios, where C-4 appears to have an earlier entrance into the NTC 
region noted by the decrease in reactivity. Since C-4 is a blend of C-1 and a high temperature FT 
isoparaffinic kerosene, examining the chemistry of each fuel individually can provide insight 
into the observed combustion behavior. The Sasol FT fuel previously examined in Chapter 5 is 
the high temperature FT contained in the blend and very similar ignition delays were found 
compared to conventional jet fuels; despite the lack of aromatic content in the fuel, with early 
entrance to NTC being noted at reduced equivalence ratios. Therefore, the longer ignition delays, 




particularly at reduced equivalence ratios, are attributed to the addition of C-1, whose heavy 
branching and isobutene formation causes the stark difference between C-4 and A-1. 
Figure 6.7 displays the low-temperature ignition delay data for Jet A-3, C-3, and 
farnesane. Examination of farnesane shows shorter ignition delays than both Jet A-3 and C-3. 
Farnesane is a long chain C15 hydrocarbon with minimal branching and as a result reacts rapidly 
in low-temperature conditions because of ample secondary hydrogens available, allowing for 
energetically favorable six-membered ring transitions to aid in isomerization pathways. 
Farnesane exhibits reduced ignition delays across all equivalence ratios, maintaining a significant 
reduction in ignition delay even as the ignition delays for Jet A-3 and C-3 converge in the leanest 
case at  = 0.25. Thus, the combined effects of high carbon number (long chain HC) and light 
branching can be considered significant at low temperature conditions for lean to stoichiometric 
mixtures. 
 
Figure 6.7. Ignition delays for Jet A-3 (JP-5), C-3, and Farnesane at Pc = 20 bar and  = 1.0, 0.5, 
and 0.25. 
The results for C-3, which is a blend of Jet A-3 and farnesane, show that it falls between 
the ignition delays of the two neat fuels. This is expected since the Category A fuels all have a 
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similar delay and blending of C-3 added a significant portion of farnesane, a long chain 
hydrocarbon with minimal branching, should yield shorter ignition delays. The leanest condition 
of  = 0.25 shows an interesting convergence in the ignition delay of the blend, C-3, to Jet A-3. 
This behavior has been noted previously in this thesis where the neat fuels tend to maintain the 
same difference in reactivity at all equivalence ratios; however, the blends do not maintain this 
reactivity difference and converge toward one of the neat fuels. 
Ignition delay measurements for C-2, C-5, and Jet A-1 are presented in Figure 6.8. C-2 
has very similar ignition delays to conventional fuel under all conditions studied, only showing 
slightly faster ignition versus the conventional fuel at the leanest condition. The composition of 
C-2 is largely C14 range isoalkanes with small concentrations of n-alkanes and cycloalkanes, but 
C-2 also contains aromatic content similar to that found in conventional fuels. As a result, the 
composition and average molecular weight is akin to that of conventional fuels, which likely 
results in the similar ignition delays found since the fuels are expected to undergo a similar 
kinetic pathway. Slight differences in the ignition delays are more apparent at  = 0.25 where a 




somewhat shorter delay is found for C-2, which is likely the result of differences in the NTC 
behavior of the fuels which introduces additional branching pathways. 
Figure 6.8 illustrates that C-5 has a longer ignition delay under all conditions studied 
relative to Jet A-1. C-5 investigates the effects of a narrow boiling range fuel which comprises 
C9 aromatics at higher content than conventional jet fuels and C10 isoalkanes with small 
amounts of n-alkanes and cycloalkanes. A longer ignition delay for C-5 may be the result of two 
factors. The first reason is a shorter carbon chain, which have shorter ignition delay than longer 
chained hydrocarbons, although some studies have shown this has limited effect [97]. Therefore, 
a more likely cause is the greater aromatic content (30% vol), which increases ignition delay 
times via scavenging of available radicals, thereby slowing the combustion chemistry. 
6.5 Chapter Summary 
In this study, the autoignition characteristics of three Sasol FT solvents (LPA-142, LPA-
210, and LINPAR1416V) and six Category C fuels (C-1, C-2, C-3, C-4, C-5, farnesane) have 
been investigated utilizing a RCM with the DTC method under low-compressed temperatures 
below 750K, at a compressed pressure of 20 bar, and at stoichiometric and fuel-lean conditions 
of  = 1, 0.5, and 0.25. Examination of the chemical composition of each fuel and the 
corresponding effect on the ignition behavior was inferred from ignition delay results. Specific 
notable behaviors include the effect of branching in isoparaffins where low levels of branching 
showed limited effects, while significant branching showed a strong reduction in reactivity. The 
reactivity of cycloalkanes resulting in similar delays to conventional fuels. In addition, the 




The results of this study will provide valuable experimental data for a range of fuels and 
can guide improvements in kinetic models that will aid in combustion optimization of engines 
for improved performance. The study prompts a need to further investigate the influence of 
chemical structures and multi-component fuel composition on ignition chemistry, especially 
under low temperature and lean conditions of disparate fuels, to enhance combustion chemistry 
understanding and improvement of kinetic models.  
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Chapter 7 Autoignition of Aviation Relevant Pure Components 
 The preceding Chapters presented the research results for the autoignition behavior of 
conventional jet fuel, alternative fuels, and purposefully made surrogates. The focus of this 
Chapter is to examine the autoignition behavior of jet fuel relevant pure hydrocarbon 
components using a rapid compression machine and then compare these results with chemical 
kinetics simulations. The purpose of this study is to better investigate the influence of specific 
chemical species on the ignition of fuels at low to intermediate temperature conditions and under 
lean to stoichiometric equivalence ratios. Hydrocarbon species in conventional and alternative 
fuels can be broadly classified into four major groups: normal alkanes, isoalkanes, cycloalkanes, 
and aromatics. Pure components from each of these groups that are relevant to jet fuels are 
examined in this Chapter. Some of these pure components have not been studied extensively and 
will aid in the expansion of kinetic models for jet fuel relevant components. 
7.1 Selection of Relevant Pure Components and Properties 
Since alternative fuels are derived from diverse feedstocks through different production 
process pathways [68], their chemical composition is distinctly different from conventional 
petroleum derived fuels. Some of the candidate alternative aviation fuels or reference fuel 
components only contain a small number of hydrocarbon species, unlike conventional jet fuels 
that can contain hundreds (if not thousands) of species, as shown the previous chapters of this 
thesis. Combustion behavior of fuels with unorthodox chemical composition is generally 
different from that of conventional fuels. In order to perform this study, pure components were 
selected with the objective of replicating prominent species in petroleum-based jet fuel and/or 
species of particular interest to the research community, while also accounting for the cost and 
ease of modeling the chosen species. 
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Mayfield [100] and Smith and Bruno [101], investigated the composition of JP-8 via 
GC/MS methods. Some of the major constituents were noted and provide a reference for the 
types of chemical constituents that are of relevant interest to this study. Additionally, in-house 
GC/MS analysis of a JP-5 sample was examined to further identify the major chemical 
components. Normal alkanes were prominent in all analyses, with n-dodecane being the major n-
alkane in the JP-8 sample examined Mayfield and my analysis of JP-5, while n-tridecane was 
slightly more prominent in the study of Smith and Bruno. The major isoalkanes present in the 
conventional jet fuels fall under the lightly or moderately branched classification based on the 
literature studied, as well as the in-house examination of JP-5. The species prominence was very 
low for highly branched isoalkanes in the jet fuels examined; however, highly branched 
isoalkanes are commonly used in jet fuel surrogates [65, 67, 72]. Cyclic content involved a 
moderate to low presence, but branched chains off cyclohexane were more commonly noted than 
purely cyclic components. Aromatic content was prominent and generally contained aromatics 
with chained branches. 
In addition to analyzing the species prominent in conventional fuels, an examination of 
species of interest in the jet fuel research space was discussed by Colket et al. [65]. The objective 
was to define a small number of kerosene-range hydrocarbons that can be studied individually 
and then blended to useful experimental fuels and modelled with relative ease. A surrogate 
palette was developed with an emphasis on the relevance to jet fuels as well as the current 
understanding of the mechanisms and availability. Combined with the analysis of the major 
constituents of conventional jet fuels and the palette presented by Colket et al. [65], the targeted 
species list was narrowed down further by considering cost, since some of the species of interest 
are very expensive. For example, 2-methylundecane, a lightly branched alkane found 
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prominently in jet fuel, was quoted at $3,000 per 500 mL; therefore species deemed cost 
prohibitive were avoided. Finally, after considering these factors, the neat components selected 
to be examined were chosen and are itemized in Table 7.1. 
Table 7.1. Selected pure components, purity, classification, and chemical structure  
Component Purity Hydrocarbon Class Chemical Structure 
n-dodecane 98% normal alkane 
 
2,9-dimethyldecane 97% isoalkane (lightly branched) 
 
2,2,4,6,6-pentamethylheptane 80% isoalkane (heavily branched) 
 
butylcyclohexane 99% cycloalkane 
 
butylbenzene 99% aromatic 
 
7.2 Comparison of Pure Components Autoignition 
The neat components in Table 7.1 were combusted in the RCM at Pc = 20 bar and  = 
1.0, 0.5, and 0.25, which are displayed in Figure 7.1. These neat component experiments enable 
a comparison of how the components react relative to one another and relative to a conventional 
jet fuel (JP-8). Figure 7.1 shows that n-dodecane consistently was the fastest to react at all 
conditions studied. This follows the prior explanations presented in this thesis where n-alkanes of 
chain length seven to sixteen should react rapidly in the low-temperature conditions because of 
ample secondary hydrogens to navigate the low temperature chemistry pathways. Comparing n-
dodecane to the light branched isoalkane, 2,9-dimenthyldecane, shows that the reactivity of the 
two components is very similar, with deviations growing at the lower equivalence ratio. The 
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percent difference in ignition delay time between n-dodecane and 2,9-dimetlhyldecane is 4.6%, 
11.4%, and 16.5% shorter for n-dodecane at  = 1.0, 0.5, and 0.25, respectively. Examination of 
2,2,4,6,6-pentamethylheptane, labeled isododecane in Figure 7.1, in comparison to n-dodecane 
shows greatly reduced reactivity, to the point where no discernable ignition could be seen at the 
leanest condition. The heavily branched species, 2,2,4,6,6-pentamethylheptane, has a very early 
entrance into the NTC range, resulting in orders of magnitude longer ignition delays in 
comparison to its unbranched isomer. 
Comparison among the three chained alkanes investigated provides insight into the 
importance of the amount and locations of branching. Recalling the lower temperature 
combustion pathway, a key isomerization step for the propagation of the reaction is RO2 ↔ 
QOOH. This internal isomerization reaction would prefer to occur via a thermodynamically 
favorable six-membered ring transition, which involves secondary hydrogens. Looking at the 
chemical structures of these species, shows that n-dodecane, 2,9-dimethyldecane, and 2,2,4,6,6-
Figure 7.1. Ignition delays for the pure components n-dodecane, 2,9-dimethyldecane, 2,2,4,6,6-
pentamethylheptane (labeled isododecane in the figure), butylcylohexane, and butylbenzene at 
Pc = 20 bar and  = 1.0, 0.5, and 0.25 in comparison to JP-8. 
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pentamethylheptane contain 20, 12, and 4 secondary hydrogens, respectively. Despite almost 
halving the number of secondary hydrogens from n-dodecane to 2,9-dimethyldecane, little 
difference is noted in the reactivity, which is likely the result of the positioning of the branches 
located on the penultimate carbons in the chain, still allowing for flexion and high rotational 
propensity during an internal isomerization. In contrast, 2,2,4,6,6-pentamethylheptane, which has 
a fifth of the secondary hydrocarbons compared to n-dodecane cannot easily navigate the internal 
isomerization reaction because of the steric strains induced, resulting in the formation of 
isobutene [99] which has been shown to be stable under these temperature conditions resulting in 
the longer ignition delays. 
 Examination of the ring-structured components, butylcyclohexane and butylbenzene, in 
Figure 7.1 shows that the butylcyclohexane has a reactivity very similar to that of JP-8, with 
differences becoming more apparent at the leanest condition. This result is very similar to the 
LPA-142 solvent discussed in Chapter 6, which was comprised of mostly (66.3%) 
cycloparaffinic content. At low temperatures, the oxidation of cyclo-components is significantly 
lower than that of an n-paraffin mainly due to the isomerization pathways and olefin formation. 
In comparison with non-cyclic structures, cyclic structures and resultant hydrogen distributions 
reduce the number of hydrogens available to the (1,5) H-shift, but retain abundant hydrogens for 
the (1,4) H-shift in the isomerization of fuel peroxy radicals, RO2→QOOH, which results in the 
observed lower reactivity and higher olefin formation during low temperature oxidation [96]. 
Investigation of the other ring component, butylbenzene, shows a large increase in the ignition 
delay time in comparison to all the other species, with a very pronounced NTC behavior at the  
= 1.0 condition. The reduced reaction of aromatics at low temperature conditions, though not 
extensively studied, is due to the buildup of large amounts of stabilized benzylic radicals by the 
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initial hydrogen abstraction [102]. No discernible ignition could be seen at the leanest condition, 
similar to 2,2,4,6,6-pentamethylheptane. 
7.2.1 Chemical Kinetics Simulations of the Pure Components 
The evaluation of several kinetics models for their predictive capabilities of autoignition 
characteristics of the pure components experimental results from the RCM were examined. For 
the purpose of this work, the models were evaluated under the same conditions as those 
conducted in the experiments, even if the conditions lay outside of the usage region specified by 
the model. The chemical kinetics models were selected from Lawrence Livermore National 
Laboratory (LLNL) available models. The models were selected because they either contain the 
specific pure species being investigated, a close approximation, or a combination of species that 
could be used to simulate the pure component. Table 7.2 summarizes the models utilized and 
species examined in the kinetic simulations for the study. 
Table 7.2. Mechanisms and simulated species used in kinetic simulations 
Mechanism Pure Component Simulated Species 










Mehl et al. [103]  and Oehlschlaeger et al. [99] 














The published mechanisms utilized only contained two of the pure components 
examined, n-dodecane and butylbenzene, while surrogate components were selected to simulate 
the other pure species. 2-methylundecane was used to represent 2,9-dimethyldecane since both 
are C12 species with light branching. Likewise, methylcyclohexane was used to approximate 
butylcyclohexane since both are branched cycloalkanes. For the simulation of 2,2,4,6,6-
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pentamethylheptane both the mechanism and surrogate used were customized. A 50/50 molar 
mixture of isooctane and isocetane was used, which has recently been shown [106] to be a good 
approximation for isododecane. The mechanism utilized for this simulation was created using 
Reaction Workbench 18.2 using the isooctane mechanism from Mehl et al. [103] as the master 
and isocetane mechanism from Oehlschlaeger et al. [99] as the donor. Modeling was carried out 
with CHEMKIN 18.2 using a closed homogeneous reactor. 
The simulation results for the chained hydrocarbons at Pc = 20 bar and  = 1.0, 0.5, and 
0.25 can be seen in Figure 7.2. The mechanism from Sarathy et al. [97], used to simulate n-
dodecane and 2,9-dimethyldecane, does a good job of replicating the overall trends at the                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
conditions studied. The Sarathy model overpredicts the ignition delays of n-dodecane at all 
conditions, with discrepancies relative to the experimental data becoming less apparent at leaner 
conditions. The discrepancies between the simulations and experimental data become more 
apparent at higher temperatures and shorter ignition delays, which may be the results of the RCM 
compression stroke. As mentioned earlier in this thesis, pre-ignition reactions occurring during 
Figure 7.2. Kinetic model predictions for the chained pure components at compressed pressures 
of Pc = 20 bar and equivalence ratios of  = 1.0,  = 0.5, and  = 0.25. 
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the compression stroke play a significant role in the overall ignition delay time at these 
conditions. Using 2-methylundecane appears to be a good approximation for 2,9-dimethyldecane 
since the simulation maintains similar differences in reactivity from simulated n-dodecane as 
measured in the experiments. At = 0.25, the simulation predicts ignition delays for 2-
methylundecane akin to that in the experimental data. The merged model created using 
CHEMKIN PRO Reaction WorkbenchTM from ANSYS using the mechanisms from Mehl et al. 
[103] and Oehlschlaeger et al. [99] for an isododecane mechanism shows large differences 
compared to the experiments. At both  = 1.0 and 0.5, the model overpredicts at low temperature 
conditions and then underpredicts at higher temperatures. The strong NTC behavior noted in the 
2,2,4,6,6-pentamethylheptane experimental data seems to have a deferred onset in the 
simulations. Additional error could have been created from merging the mechanisms, which is 
also possibly attributing to the differences noted in the simulation relative to the experiment. To 
the knowledge of the author, no mechanism for 2,2,4,6,6-pentamethylheptane exists; therefore 
merging two mechanisms whose species (isooctane and isocetane) are known to approximate 
isododecane accurately was deemed the best result.  
The simulation results for the ring-structured hydrocarbons at Pc = 20 bar and  = 1.0, 
0.5, and 0.25 can be seen in Figure 7.3. The simulations conducted using the mechanism of 
Weber et al. [104] with methylcyclohexane as a surrogate for butylcyclohexane show 
overpredictions at all conditions examined, though the general trends in the data are replicated. 
The longer ignition delay predicted by the simulations is an expected result, since the alkyl chain 
on butylcyclohexane contains three more carbons than that of methylcyclohexane, which can aid 
in faster reactions. Based on the understanding of low-temperature oxidation pathways, alkyl-
cyclohexanes bearing longer alkyl chains would increase the possibilities of isomerization 
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pathways via the RO2→QOOH step, resulting in more rapid ignition [86]. Like 2,2,4,6,6-
pentamethylheptane, to the author’s knowledge no mechanism for butylcyclohexane at low 
temperature combustion conditions is known to exist. The results from the Weber model are 
promising and expansion of the mechanism to longer alkylcyclohexanes could provide similar 
results to the experiments. Butylbenzene simulation results from the Nakamura et al. [105] 
mechanism underpredict the experimental ignition delays at all conditions. The mechanism does 
an excellent job at replicating the overall trend of butylbenzene ignition delay at  = 1.0. The 
trend is not as well replicated at  = 0.5. However, the experimental results at this condition are 
occuring at the fringe (~ 115 ms) of the acceptable ignition delay time for the core conditions in 
the RCM to be un affected by boundary layer effects. The author notes that the boundary layer 
effects could result in erroneous predictions of the compressed temperatures; however, these 
temperatures would be colder if heat loss accounted for these effects, furthering the discrpenacy 
between the kinetic model and experiment.  
Figure 7.3. Kinetic model predictions for the ring-structured pure components at compressed 
pressures of Pc = 20 bar and equivalence ratios of  = 1.0,  = 0.5, and  = 0.25. 
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7.3 Chapter Summary 
Ignition delay times of several jet fuel relevant components were measured using a RCM 
to investigate the contribution of chemical structure on reactivity within the low temperature 
combustion region. As expected, heavily branched species and aromatics show lower reactivity; 
ignition delay times of 2,2,4,6,6-pentamethylheptane and butylbenzene are an order of 
magnitude greater than the other species measured. Butylcyclohexane had ignition delays times 
very similar to that of the conventional fuel. Differences between 2,9-dimethyldecane and n-
dodecane are not significant, but become more apparent at higher temperatures, and leaner 
conditions. 
The pure components were examined using kinetic models found in literature to model 
the ignition delay times. The Sarathy et al. model used for n-dodecane and 2,9-dimethyldecane 
overpredicts the ignition delay, but replicates experimental trends with better matching at leaner 
conditions. The merged model created using the mechanisms from Mehl et al. and Oehlschlaeger 
et al. to generate a 2,2,4,6,6-pentamethylheptane mechanism overpredicts at low temperatures 
and underpredicts at high temperatures and does not replicate the experimental trends. The 
mechanism from Weber et al., used to examine butylcyclohexane, overpredicted the ignition 
delay at all conditions but replicated the data trends. This was expected since a less chained 
alkylcyclohexane was used in the simulation. Butylbenzene was simulated using the mechanism 
from Nakamura et al. that underpredicted the ignition delay at all conditions. The butylbenzene 
model did a good job reproducing the  = 1.0 data, with diminshed replication at  = 0.5. All the 
data from this study will provide additional insight for improving models, as recently pointed out 




Chapter 8 Combustion Characterization of Navy Diesel Fuels 
The objective of this study is to examine the spray combustion characteristics of F-76 and 
HRD-76 under realistic engine operating conditions in a constant-pressure flow chamber. Optical 
diagnostics were employed to explore the differences in the fuel combustion dynamics in the 
intermediate temperature range to clarify fuel composition effects for increasingly relevant low-
temperature combustion strategies. Additionally, a comparison to fully premixed ignition data 
and chemical simulations provides insight into the effect of the physical delay, required for 
mixing and vaporization of the fuel prior to combustion. The results provide valuable insight into 
the feasibility of drop-in bio-derived fuels and/or fuel blends in legacy engines. 
8.1 Chemical and Physical Properties of Navy Diesel Fuels 
Two fuels were investigated in this study: 1) the petroleum-based Navy maritime fuel, F-
76; and 2) the algae-based alternative diesel, HRD-76, a proposed replacement manufactured by 
Solazyme and UOP Honeywell 
[18]. Figure 8.1 displays 
normalized gas chromatograms 
(GC) of the neat fuels studied with 
n-alkane markers included for 
reference. F-76 displays a wide 
boiling range and prominent n-
alkane peaks similar to many 
petroleum fuels. HRD-76 also has 
prominent n-alkane peaks, but also 
Figure 8.1. Gas chromatograms of Navy diesel fuels tested 
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exhibits much stronger branched 
alkane structure over a narrower 
boiling range. Influences of the 
fuels’ carbon number distribution 
are evident in Figure 8.2, which 
shows distillation curves of the 
neat fuels. Both fuels have a 
similar onset of boiling, but the 
increased abundance of lower 
carbon number species contained 
in F-76, as indicated in the GC, results in lower temperatures to reach the same percent recovery 
when compared to HRD-76. This holds true until 50% recovery, where the trend switches 
because of the relative distributions at higher carbon numbers. 
Table 8.1 lists the properties of the fuels measured by an independent laboratory in 
accordance with ASTM standards, except for the average molecular weight (MW), which was 
calculated utilizing a distillation data method from Rao and Bardon [84]. The MW determined 
from this technique produced similar results for both fuels, as expected because of their 
comparable 50% recovery points, yielding average molecular formulae of C15.04H28.06 and 
C16.69H36.06 for F-76 and HRD-76, respectively. These formulae closely match the H/C ratios 

















F-76 49.2 208.9 0.8450 72 1.88 68.1 2.3 29.5 
HRD-76 > 75.2 236.8 0.7785 74.3 2.18 98.8 0.7 0.6 
aAverage molecular weights were calculated using the distillation based method of Rao and Bardon [84] 
Figure 8.2. Distillation curves of the Navy diesel fuels 
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calculated using ASTM methods, with less than 1% difference observed. Table 8.1 also shows 
that HRD-76 contains very little aromatics, a common trait among synthetic fuels. Unlike 
military jet fuels, no military specification exists for the aromatic content in diesel fuels; 
however, a significant lack of aromatics can have deleterious effects on the elastomer swelling 
necessary in fuel systems, which can cause fuel leaks and reduced performance [76, 77]. 
Additionally, the volumetric energy density of a fuel is commonly linked to the aromatic content, 
meaning less power and/or vehicle range when using synthetic fuels [76]. These property 
variations inevitably lead to unique ignition behavior for each fuel, as is evident in the cetane 
number given in Table 8.1. Generally, synthetic fuels have a higher cetane number because of 
their overwhelming paraffinic content, which was evident in the undetermined cetane number of 
HRD-76 since it exceeded the maximum range of the Cooperative Fuel Research engine. In 
short, differences between the two fuels’ physical and chemical properties motivate this 
investigation into their ignition characteristics. 
Table 8.2. Test Conditions Examined in CPFC 
Experiments were conducted using 
dried air (~0.0% relative humidity and 21% 
oxygen) at temperatures of 800, 800, 850, 
900, and 975K, under compressed pressures 
of 20, 30, 40, 60, and 95 bar, respectively. A summary of the experimental conditions is listed in 
Table 8.2 for reference. These conditions were selected because of their relevance to a standard 
diesel engine operating envelope, as well as the region of operation of the CFPC [108]. A 
constant injection pulse width of 2 ms was employed for all tests, which represents a moderate to 









800 20 21 8.71 
800 30 21 13.07 
850 40 21 16.40 
900 60 21 23.23 
975 95 21 33.95 
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8.2 Comparison of F-76 and HRD-76 Spray Combustion 
Examples of the broadband and intensified OH* chemiluminescence images at various 
ambient conditions close to the calculated ignition delay time of HRD-76 are shown in Figure 
8.3. Since imaging could not be accomplished for all cases at an ambient density of 8.71 kg/m3, 
they have been excluded. At the lowest ambient conditions the design of the CPFC did not allow 
the high-speed imaging to be accomplished for F-76 and broadband HRD-76. The intrinsic 
design of the CPFC results in blind spots so that combustion events that occur far enough away 
from the injector tip transpire outside the optical field of view. The images suggest that HRD-76 
ignites more rapidly at lower ambient density conditions, as evident in the quasi-steady diffusion 
flame formed by HRD-76 in the OH* images and increased luminosity in the broadband 
chemiluminescence in comparison to F-76. Furthermore, at lower ambient densities the flame 
front occupies more space indicating increased mixing occurring prior to the ignition of the fuel. 
Lift-off length appears to be affected by fuel and ambient density conditions, and the differences 
between fuels become more apparent at lower ambient densities values. These results show that 
Figure 8.3. Examples of the 60 kHz high-speed images taken for F-76 (left) and HRD-76 (right) 
with the frozen flow for each ambient condition, except the lowest case, near the ignition delay 




decreasing temperature and pressure has a marked effect on the combustion observed. These 
qualitative trends observed are discussed in further detail below. 
The ignition delay results for F-76 and HRD-76 are shown in Figure 8.4. At decreasing 
values of ambient density, differences between the ignition delays become more apparent 
between the two fuels. This trend reflects the decreased temperature more so than the ambient 
pressure, both of which are intrinsic properties of the ambient density. At decreased 
temperatures, the low to intermediate temperature range of these conditions allows for more 
complex combustion chemistry, where fuel structure has a much larger role because of the 
importance of equilibrium reactions and subsequent isomerization pathways, which energetically 
prefer to go through six member ring transitions. Therefore, fuels with low aromatic 




concentrations and high paraffinic content that contain very little to no branching have faster 
reaction pathways at these lower temperature conditions. The results show that HRD-76 follows 
this behavior with a shorter reaction time, which is predicted by the cetane numbers found in 
Table 8.1 and is particularly evident at the lowest temperature condition. A convergence in the 
ignition delays is apparent at the high temperature and pressure conditions as a result of H 
abstraction reactions dominating, in turn creating rapid radical growth to breakdown fuel 
molecules, thereby resulting in shorter ignition delays. One aspect to note from Figure 8.4 is that 
the ignition delay found for HRD-76 at an ambient density of 13.07 kg/m3 shows a singularity in 
the expected trend. This singularity may be the result of strong negative temperature coefficient 
behavior in HRD-76, which  has been noted in other synthetic fuels [85], but requires further 
investigation. 
Ignition dwell of the fuels is also provided in Figure 8.4, and has an identical trend to the 
ignition delay measurements. This is an expected trend since the dwell period is defined as the 
amount of time from the EOI to the SOC (or ignition delay minus the injection duration). At 
values of low ambient density, the dwell approaches positive times, indicating the ignition period 
occurs post-injection, which allows for additional premixing of the fuel. Ignition dwell can have 
a drastic impact on engine timing and combustion in cylinder dynamics, which agrees with the 
results found in engine studies [5-6]. 
In addition to the ignition delay and dwell, the combustion durations of F-76 and HRD-
76 were calculated and can be seen in Figure 8.5. The combustion duration for HRD-76 is either 
very similar to or less than that of F-76, in agreement with the ignition delay results discussed 
previously. The combustion duration decreases with reducing ambient temperatures and 
pressures, which may seem counterintuitive but can be explained by the injection duration and 
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chemical properties of the fuels. The injection duration of 2.5 ms is significantly longer than the 
ignition delays found at the high temperature and pressure conditions, meaning the fuel combusts 
for the duration of the injection period by forming a diffusion flame, and continues combusting 
after the completion of injection until the fuel is completely consumed. In this scenario, both the 
physical delay and chemical delay of the fuel influence the total combustion duration. 
Conversely, the low temperature and pressure conditions exhibited ignition delays close to or 
longer than the injection duration, which allowed for greater evaporation and mixing to occur in 
the chamber. Consequently, a more homogenous-like premixed air and fuel mixture was formed, 
so when ignition did occur, the combustion event depended only on the chemical delay and was 
not slowed by the vaporization and mixing of additional fuel from the injector. This is confirmed 
by the high-speed imaging, where, at lower ambient density conditions, the regions of OH* 




occupy a more dispersed area than the diffusion flames formed in the high temperature and 
pressure conditions. While small differences in the combustion durations may be explained by 
more complicated chemistry pathways in F-76, as compared to HRD-76, the large differences in 
the combustion durations found at low temperature and pressure conditions are more likely the 
result of signal-to-noise issues, particularly in the F-76 data collection, where there were less 
suitable combustion conditions. At the lowest ambient density condition examined for F-76 only 
30 of 100 injections resulted in a measurable signal and attributed to the increased error seen at 
these conditions. 
Post processing of the images allowed for the broadband emission signal (contributions 
mainly from soot, but also chemiluminescence) lift-off length (SLoL) and the OH* 
Figure 8.6. Lift-off length distance of F-76 and HRD-76 as a function of ambient 




chemiluminescence lift-off length (LoL) to be determined. Lift-off length was calculated using 
methods similar to those of Higgins et al. [109]. The lift-off length in this document is defined as 
the distance from the injector tip until 10% of the maximum line averaged intensity is reached. 
Because of the stochastic nature of spray combustion, particularly at lower temperature and 
pressure conditions, 30 videos were taken at each condition and 95% confidence intervals are 
shown as the error bars. The lift-off length was measured at all conditions only for the OH* 
imaging of HRD-76. The results of the high-speed image analysis are shown in Figure 8.6, and 
exhibit similar trends between the LoL and SLoL. Examining the LoL, shows that, for the 
conditions examined, F-76 has a greater lift-off in comparison to HRD-76. This agrees with 
previous work conducted by Pickett et al. [110], where the less ignitable the fuel, the greater the 
lift-off length; however, this trend is not always the case, but occurs most frequent. Comparison 
of the LoL and SLoL shows that the SLoL occurs further away from the injector tip than the LoL 
for the same conditions examined. This is an expected trend since OH* is an indication of 
ignition, which is required prior to the formation of a visible flame. Another feature to note is 
that the difference between the two fuels’ lift-off lengths are diminished in the SLoL 
measurements in comparison to LoL difference. 
8.3 Comparison of Spray and Homogeneous Combustion of Navy Diesel Fuels 
The ignition delay of the spray combustion for both fuels was compared to data of the 
same fuels collected in a shock tube by Gowdagiri et al. [111]. In order to facilitate a 
comparison, the data needed to be scaled to a compressed pressure (Pc) of 20 bar, which 
corresponded to the shock tube experiments. Gowdagiri et al. provided fitting parameters of 
Arrhenius type fits for the low, intermediate, and high temperature combustion regions that used 
several parameters for the fitting, but for scaling the spray data, only the Pc fit was utilized. The 
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paper does caution that the fitting is only valid for homogenous mixture tests conducted at φ = 
0.25–1.5 and Pc = 8–39 atm. For the current data collected, an exact local equivalence ratio is 
unknown, due to vaporization of the spray a lower ignition temperature is likely, and the pressure 
for two of the tests conditions is well over the recommended limit, resulting in additional 
uncertainty in those scaled points. Scaled ignition delay results are displayed in Figure 8.7 for F-
76 and HRD-76 in comparison to the shock tube data. The markers on the graph represent the 30 
shot averages of the present data, and single points measured at each shock tube condition. The 
scaled spray ignition data exhibits a similar trend to the homogeneous mixture testing over the 
negative temperature coefficient region and fringe of the high-temperature region. However, the 
spray ignition data has a longer ignition delay than the shock tube data, an expected result due to 
the physical delay, which accounts for the necessary transport phenomena to occur in order for 
the liquid fuel spray to become a combustible mixture. The scaled F-76 data was found to have 
about a 1.3 ms longer ignition delay than the shock tube data, with the largest difference at the 
high temperature value, which may be attributed to the scaling conducted at this point, since 95 
bar is well outside of the recommended fitting range. The scaled HRD-76 had a similar 
difference of 1.6 ms, which is slightly longer than the F-76 value. 
8.3.1 Chemical Kinetics Simulations of F-76 and HRD-76 Surrogates 
To assist in a better understanding of the two fuels ignition properties, kinetic simulations 
of zero-dimensional, prevaporized fuel/air mixtures were conducted using a mechanism 
developed by Ra and Reitz [112]. The surrogates used for each fuel are shown in Table 8.3 and 
were based upon surrogates originally proposed by Ra and Reitz [112] and Luning Prak et al. 
[113] for F-76 and HRD-76, respectively. Adjustments were made to each of the original 
surrogates to account for species available in the kinetic mechanism while maintaining similar 
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reactivity to the fuels studied. 
The only change made to the F-
76 surrogate was to add the 
original 6.2% of hexadeconal, 
which could not be located in 
the mechanism, to the tetralin 
content to allow for a closer 
match with the aromatic 
content contained in the F-76 
fuel studied. The best HRD-76 
surrogate created by Luning 
Prak et al. [113] was composed 
of four n-alkanes with carbon 
chain lengths of C15 – 18 and 
isododecane. The mechanism 
only contained the n-alkanes 
hexadecane and octadecane so 
the C15 and C17 alkanes were 
incorporated into these species 
as previous studies have shown 
that n-alkane chain length has a 
minimal effect on ignition 
delay [114]. Additionally, the mechanism did not contain isododecane, so a 50/50 mixture of 
Figure 8.7. Comparison of ignition delays of spray data (filled 
markers) scaled to 20 bar, shock tube (open markers) data 




isooctane and isocetane was used as a replacement which has recently been shown [106] to be a 
good approximation for isododecane. 
 Figure 8.7 displays a comparison of the 
simulated model ignition delays compared to the 
experimental shock tube data from Rensselaer 
Polytechnic Institute (RPI). The simulation ignition 
delays are defined as the point in time when the change 
in temperature increases greater than 400K in a given 
time step. The F-76 surrogate does a good job of 
replicating the overall trend seen in the experimental 
data. The model slightly under-predicts the 
experimental measurements at the highest temperatures 
(> 1050 K) resulting in 39% difference and 47% 
difference on average for the φ=1.0 and φ=0.5 cases, 
respectively. This under-prediction effect appears 
intensified at intermediate temperature conditions (725 
K – 925 K) because of the log plot, but yields a similar 
average percent differences of 40%. A better match to the experimental data could likely be 
obtained by adjusting the aromatic content of the surrogate (12.0%) closer to that of F-76 
(29.5%). The HRD-76 surrogate does a better job of matching the experimental data, particularly 
under low to intermediate temperature conditions as is evident in the calculated average percent 
difference of 16 % compared to the F-76 results (40%). However, the HRD-76 model predicts 
much shorter delay times at high temperature conditions than the experimental data resulting in 
Table 8.3.  Surrogate composition 








n-heptane 0.306  
isooctane 0.597 15.5 
methylcyclohexane 4.7096  
1-octene 1.7554  
tetramethylhexane 6.657  
n-decane 2.8668  
m-cymene 1.2754  
cis-decalin 0.4612  
n-pentylbenzene 2.1796  
tetralin 3.583  
diisopropylbenzene 1.2754  
n-dodecane 5.0919  
naphthalene 6.4288  
n-tridecane 2.6585  
isocetane 18.127 15.5 
n-tetradecane 7.5444  
n-hexadecane 16.5383 23.1 
n-octadecane 7.3712 45.8 
phenanthrene 0.8777  
n-eicosane 5.7812  
n-heneicosane 5.9145  
109 
 
72% difference and 86% difference on average for the φ=1.0 and φ=0.5 cases, respectively. In 
addition, stronger NTC behavior around 800 K is predicted than observed experimentally. 
Overall both models match the experimental data trends well and can be utilized in future work 
to examine spray combustion, which can provide further insight into the results discussed above, 
particularly in the NTC region where the measurements were taken, and are of increasing interest 
in combustion devices. 
8.4 Chapter Summary 
In this study, the spray combustion characteristics of a conventional military diesel fuel, 
F-76, and a hydroreformed diesel fuel, HRD-76, were investigated utilizing a CPFC under 
realistic engine operating conditions. Examination of the chemical composition of each fuel, and 
the corresponding effect on the ignition behavior was inferred. The HRD-76, which was shown 
to contain high alkane content, was found to have shorter ignition delays and lift-off lengths in 
comparison to F-76. Greater differences in the fuel combustion properties were apparent at lower 
ambient densities where fuel/air mixing and chemical branching effects play a larger role in the 
low-intermediate temperature region. A comparison of scaled spray data with shock tube data 
revealed longer delays, because of the physical delay, where both fuels presented similar 
differences. Additionally, the kinetic simulations of the fuel surrogates showed the same relative 
trends with a good match to experimental data being achieved by the HRD-76 surrogate, 
particularly in the intermediate and low temperature regime. This study motivates further 
investigation of alternative fuel effects on ignition chemistry, especially under intermediate 
temperature conditions, to enhance spray combustion understanding for application to 




Chapter 9 Conclusions and Considerations for Further Studies 
Chapter 1 presented the background and motivation behind the combustion research 
performed in this thesis. In addition, the objectives of the research were described and 
subsequently completed via the conclusions drawn in this dissertation which are summarized 
below. 
 Chapter 2 described the experimental devices and procedures used for data collection 
with a focus on the main experimental device, the RCM. Advantages of the RCM were explained 
with an emphasis on the DTC method that was utilized versus the commonly used bulk 
preparation method. Additionally, the creation of the shock tube facility at UIUC was described. 
The shock tube enabled expansion of the test range capabilities and better examination of the 
intermediate temperature region. The ignition delay period was defined for both devices. Typical 
ignition events occur in either a single or two-stage process. Pressure trace data was also used to 
calculate the compressed temperature and reflected shock conditions of the RCM and shock tube, 
respectively. In order to calculate the temperature at these conditions, temperature-dependent 
specific heat ratios are needed. The thermodynamic properties of a number of pure components 
(surrogates) were used for each fuel examined to calculate the compressed temperatures. 
Low-temperature combustion, (500K – 750K), which is of particular significance because 
of the interesting combustion phenomena that occur and the relevance to practical engine 
applications like cold start and knock in spark ignited engines is examined in Chapter 3. 
Conventional pathways suggests that reactivity is controlled by low-temperature chain 
branching: R+O2↔RO2↔QOOH(+O2)↔OOQOOH→2OH+products. Also, this chapter 
discussed the role of surrogate fuels and the setup utilized for the conducting of chemical kinetic 
simulations presented throughout the thesis. 
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Chapter 4 investigated the autoignition characteristics of three conventional fuels (JP-8, 
Jet-A, JP-5) which showed very similar reactivity at the tested conditions, despite compositional 
differences. Jet-A and kerosene-type surrogate fuels and kinetic models were also used to 
simulate JP-5 ignition delay times. The Aachen surrogate predicted total ignition delay times that 
were shorter than experimental measurements under stoichiometric conditions but that were 
longer than the measurements at fuel lean conditions. The Dooley Jet-A surrogate predicted first-
stage ignition delay and total ignition delay periods that were consistently longer than the 
experimental measurements. 
The autoignition characteristics of the camelina-derived HRJ fuels (HRJ-8 and HRJ-5) 
and 50/50 blends with their corresponding conventional fuel (JP-8 and JP-5) is reported in 
Chapter 5. The HRJ fuels all ignited faster than the conventional fuels as a result of the greater 
paraffinic content in HRJ fuels. An interesting phenomena was noted where 50/50 blend 
reactivity seems to converge toward one of the neat fuels, especially at lean conditions. Several 
mechanisms were examined for their predictive capabilities in modeling conventional jet fuel in 
low temperature and lean combustion regimes. Of the three mechanisms evaluated, both the 
Ranzi and Dooley mechanisms accurately captured unique multistage ignition for the extra lean 
 = 0.25 case for conventional fuel blends. A custom surrogate was utilized to approximate HRJ-
8 to examine three stage ignition behavior at  = 0.25. Analysis of the simulation showed that the 
third stage ignition is the result of CO−H2−O2 kinetics. The autoignition characteristics of two 
FT fuels were examined (Pc = 20 bar and  = 1.0,  = 0.5). The Shell FT fuel had a composition 
similar to the conventional fuels, despite containing less aromatic content, which resulted in 
faster reactivity. The Sasol FT fuel is comprised of almost completely isoalkanes and had 
ignition delays very similar to the conventional fuels. These findings show the impact that 
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branching can have on ignition delays where the branching in Sasol FT was hypothesized to be 
moderate. 
Chapter 6 examined the autoignition characteristics of three Sasol FT solvents (LPA-142, 
LPA-210, and LINPAR1416V) and six Category C fuels (C-1, C-2, C-3, C-4, C-5, farnesane). 
The chemical composition of each fuel was studied and the corresponding effect on the ignition 
behavior was inferred from ignition delay results. Specific notable behaviors include the effect of 
branching in isoparaffins where low levels of branching showed limited effects, while significant 
branching showed a strong reduction in reactivity. The reactivity of cycloalkanes yielded ignition 
delays similar to conventional fuels. In addition, the influence of aromatic structure on ignition 
delay was apparent with increased delays attributed to radical scavenging. 
The autoignition properties of several jet fuel relevant pure components were used to 
investigate the contribution of chemical structure on reactivity within the low temperature 
combustion region and the findings are reported in Chapter 7. As expected, the heavily branched 
and aromatic species showed lower reactivity at all conditions. The alkylcyclohexane component 
was found to have ignition delay times very similar to that of the conventional fuels examined in 
Chapter 4. Differences between lightly branched and n-alkanes were not found to be significant, 
but became more apparent at higher temperatures and leaner conditions. Chemical kinetic 
simulations were also conducted using kinetic models obtained from literature to model the 
ignition delay times. The Sarathy et al. alkane model tended to overpredict the ignition delay, but 
replicated experimental trends with better matching at leaner conditions. A merged model that 
was created using the mechanisms from Mehl et al. and Oehlschlaeger et al. to generate a 
2,2,4,6,6-pentamethylheptane mechanism was found to overpredict ignition delays at low 
temperatures and underpredict at high temperatures and did not replicate the experimental trends 
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well. The cycloalkane mechanism from Weber et al. tended to overpredict the ignition delay at 
all conditions, but replicated the data trends. The aromatics mechanism from Nakamura et al. 
underpredicted the ignition delay at all conditions, but was consistent with the trends found in the 
 = 1.0 data. The experimental data and chemical simulations in this study provide insights into 
opportunities to further improve chemical kinetic models. 
Chapter 8 examined the spray combustion characteristics of conventional military diesel 
fuel, F-76, and hydroreformed diesel fuel, HRD-76, utilizing a CPFC under realistic engine 
operating conditions. The HRD-76, which contains a high alkane content, was found to have 
shorter ignition delays and lift-off lengths in comparison to F-76. Greater differences in the fuel 
combustion properties were apparent at lower ambient densities. A comparison between scaled 
spray data from the CPFC and shock tube data revealed longer delays for spray combustion, 
because of the physical delay required for vaporizing the fuel and mixing with the air before a 
combustible mixture is formed. Both fuels presented similar differences in reactivity when 
comparing the spray and shock tube data. Additionally, the kinetic simulations of the fuel 
surrogates showed the same relative trends with a good match to experimental data being 
achieved by the HRD-76 surrogate, particularly in the intermediate and low temperature regime. 
The research described in this dissertation has helped in the creation of the ASCENT 
program which is a coalition of over 16 leading US universities and more than 50 private sector 
stakeholders to create science-based solutions for the aviation industry’s energy sustainability 
challenges. The ASCENT program has laid the foundation for alternative fuel testing and 
approval into current engines, of which combustion tests play a crucial role. The research, 
experimental data, analytical simulations, and results reported in this dissertation provide 
information and insight regarding the combustion characteristics of a range of kerosene type 
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fuels and components that can guide improvements in kinetic models and assist in combustion 
optimization of engines for improved performance. Additionally, as part of the ASCENT 
program, the author helped found the Alternative Jet Fuels Tests Database (AJFTD) that UIUC 
hosts, which was created to have a common archive to support research and approval of future 
fuels by integrating relevant existing jet fuel data into one location. Presently, the database 
includes data for over 100 POSF number fuels, chemical kinetics mechanisms, and relevant 
technical reports for current and past fuels. This database will play a key role in the community 
to aid in collaborations for the certification of future fuels. 
9.1 Recommended Future Studies 
The findings of this research advance the understanding and knowledge base of the 
relationships between kerosene type fuel chemistry and autoignition. However, the research prompts 
questions and opportunities for further studies into the influence of chemical structures and 
multicomponent fuel composition on ignition chemistry, especially under low temperature and lean 
conditions of disparate fuels to enhance combustion chemistry understanding and improve kinetic 
models. To conclude this dissertation, additional remarks are offered to address general aspects of 
these research projects and provide considerations for future research. 
9.1.1 Pure Component Blend Studies 
Extension of the pure component study presented in Chapter 7 can provide further insight 
into the effects of specific chemical structures. Experiments examining mixtures of each neat 
compound blended with n-dodecane at various percentages could show if a species dominates at 
a certain blend point. This will provide a baseline for the effects of the components, to determine 
how much of an effect the compounds have on n-alkanes ability to propagate via conventional 
reaction chemistry pathways, over a wide range of temperatures and under reduced equivalence 
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ratios. These blend experiments could provide additional insight into some of the interesting 
behaviors identified from the jet fuel, alternative fuel, surrogate and pure components discussed 
in this thesis. 
To date, jet fuel surrogates generally contain components, particularly branched 
components, which are at the limits of the jet fuel carbon number range. Providing a more 
“average” carbon number may enable surrogates to more closely replicate the distribution of 
each compound present in the real fuel, which may provide for a better surrogate representation 
of actual jet fuels since fringe compounds may be overly influencing the ignition. The goal of 
this study would be to create a surrogate that provides guidelines for creation of next generation 
drop-in fuels.  
9.1.2 Heat Release/Optical Diagnostics 
 Another important combustion characteristic that is in need of further study, particularly 
at low temperature combustion conditions, is the heat release of the chemical reaction. Accurate 
measurement of the heat release is key for determining bulk temperatures, equivalence ratio 
monitoring, and developing kinetic models [115, 116].  Determining the heat release can be 
accomplished using various experimental techniques, but is commonly studied using 
spectroscopic methods, which investigates the light emissions of flames. Historically, 
spectroscopy played a central role in identifying the formation of species in combustion 
reactions; however, more recently, these methods have been applied to engines, revealing 
information on the combustion event [32]. In the case of a compression engine, as the piston 
moves towards top dead center, a rise in temperature occurs, triggering low- and intermediate-
temperature reactions which release excited species. The most studied excited species, when 
investigating heat release, are OH* and CH* [32, 115].  Measuring the relative light intensity of 
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wavelengths corresponding to the emission of these species can then be used in correlations to 
determine the heat release of the combustion event. Chemiluminescence studies conducted in 
this manner demonstrate that heat release can be measured, and changes in equivalence ratio and 
calculated peak combustion temperatures can be captured [117, 118]. Therefore, the idea of 
incorporating chemiluminescence studies into future work in the RCM and shock tube could 
provide important information to aid in the optimization of fuel chemistry for improved 
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Appendix A: LabVIEW Shock Tube Control Interface 
 
Figure A.1 Screenshot of heating code for the shock tube 
 
 
Figure A.2 Screenshot of the data acquisition of a shock tube reactive test  
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Appendix B: Spray Combustion Ignition Delay Code 
 
%This script analyzes the files output from the current profile of the  
%diesel injector and the trace from the photodiode to calculate the 






% Setup optional functionality 
manual = 0;         %Set to 1 to perform manual identification of peak OH 
  
% Required constants 
k = 1;              %Looping variable to place proper file names 
  
%Loop for each test file 
for i = 150:150 
     
    %Read in photodiode trace 
    TestID = ['onr_',num2str(i)]; 
    ID{k} = TestID; 
    BaseName = ['C:\Users\valco2\Documents\ARL\Data\ONR 
Diesel\AGILENT\850K_40bar\F-76\onr_',num2str(i),'.csv']; 
    time = xlsread(BaseName,'A3:A10021'); %Time 
    OH = xlsread(BaseName,'B3:B10021'); %OH trace 
    ROI = xlsread(BaseName,'C3:C10021'); %Rate of Injection(ROI) trace 
     
    %Create time array 
    dt = abs(time(4)-time(5));      % 1/Sampling Rate [1/seconds] 
    t(:,1) = [1:size(OH,1)]*dt; 
  
    %Smooth and Differentiate the Data 
    ROI = smooth(ROI,60); 
    dROI = differentiate(ROI,dt,2); 
         
    %Find start time based on rise in ROI trace recorded 
    mean = 0; 
    for j = 200:7000 
        mean = (dROI(j-1)+dROI(j)+dROI(j+1))/3; 
        if mean > 900 
            break 
        end 
        SOT = j; 
    end 
    SOT = j-1; 
     
    %Calculate the start of injection (SOI) index 
    delay = round((3E-4*(1/dt))); 
    SOI = SOT+delay; %Added 300 based on sample rate and injector delay of 
0.3 ms from IAV 
    SOIout(k,1) = SOI;   
     
    %Reduce noise in OH curve 
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    sOH = smooth(OH,60); 
     
    %Take derivate of OH curve 
    dOH = differentiate(sOH,dt,2); 
    DANIEL JOSEPH VALCO 
    fire = smooth(dOH,60); 
    plot(dOH) 
    hold on 
    plot(fire) 
     
    % Use indices to set time at important events 
    t(:,1) = t(:,1) - t(SOI);    %Set time at SOI = 0 
     
    %Verify that the timing appears to be correct based on the profiles 
    fig1 = figure; 
    ax1 = gca; 
    get(ax1,'Position'); 
    set(ax1,'XColor','k',... 
    'YColor','r',... 
    'YLim',[-.01,25]); 
    line(t, ROI,'Color','r','LineStyle','-','Parent',ax1) %ROI Signal 
    ax2 = axes('Position',get(ax1,'Position'),... 
           'XAxisLocation','bottom',... 
           'YAxisLocation','right',... 
           'Color','none',... 
           'XColor','k',... 
           'YColor','k',... 
           'XTick',[],'XTickLabel',[]); 
    line(t, sOH,'Color','k','LineStyle','-','Parent',ax2) %OH Signal 
    line([t(SOT) t(SOT)],[-.003 25],'Color','g','LineStyle','--
','Parent',ax1) %Vertical line at SOT 
    line([0 0],[-.003 25],'Color','b','LineStyle','--','Parent',ax1)           
%Vertical line at SOI 
    title(TestID); 
     
    % Identify overall ignition delay (tau12) based on point where dOH/dt 
    % is a maximum 
     
    [maxV1, maxI] = max(dOH(SOI:7300)); 
    maxI = maxI+SOI-1; 
    [minV1, minI] = min(dOH(SOI:7300)); 
    minI = minI+SOI-1; 
    tau12(k,1) = t(maxI); 
     
    % Establish axis settings 
    ax_tmin = -0.008; 
    ax_tmax = 0.008; 
    ax_dpmin = -10; 
    ax_dpmax = 4E5; 
     
    % Examine dOH/dt profile for identification of start time and ignition 
    % delay 
    fig2 = figure; 
    ax3 = axes; 
    plot(t,dOH,'k'); 
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    hold all; 
    plot([0 0],[ax_dpmin ax_dpmax],'b--');                   % SOI location 
    plot([tau12(k,1) tau12(k,1)],[ax_dpmin ax_dpmax],'r');   % tau12 location 
    plot([ax_tmin ax_tmax],[0 0],'c');                       % tau12 location 
    axis([ax_tmin ax_tmax ax_dpmin 1.05*maxV1]); 
    set(fig2, 'Position', [1000 250 700 500]); 
    title(TestID); 
     
     if manual == 1 
        tau12(k,1) = 0; 
        % Zoom in to find tau1 
        waitfor(ax3,'Xlim')             % Waits until the plot is zoomed in 
        waitfor(ax3,'Xlim')             % Waits until the plot is zoomed in 
        x = get(ax3,'XLim');            % Zoomed in domain for dp/dt plot 
        f = find(t>=x(1),1);            % Index for start of zoomed in domain 
        l = find(t>=x(2),1);            % Index for end of zoomed in domain 
        [maxV1, maxI] = max(dOH(f:l)); 
        tau12(k,1) = t(f + maxI -1); 
        maxI(k,1) = find(t==tau12(k,1)); 
         
        % Reset axes and include line for tau12 
        axis([ax_tmin ax_tmax ax_dpmin 1.5*maxV1]); 
        hold all; 
        plot([tau12(k,1) tau12(k,1)],[ax_dpmin ax_dpmax],'m-'); 
        
        %Zoom in to find minimum 
        waitfor(ax3,'Xlim')             % Waits until the plot is zoomed in 
        waitfor(ax3,'Xlim')             % Waits until the plot is zoomed in 
        x = get(ax3,'XLim');            % Zoomed in domain for dp/dt plot 
        f = find(t>=x(1),1);            % Index for start of zoomed in domain 
        l = find(t>=x(2),1);            % Index for end of zoomed in domain 
        [minV1, minI] = min(dOH(f:l)); 
        taumin(k,1) = t(f + minI -1); 
        minI(k,1) = find(t==taumin(k,1)); 
         
        % Reset axes and include line for tau12 
        axis([ax_tmin ax_tmax ax_dpmin 1.5*maxV1]); 
        hold all; 
        plot([taumin(k,1) taumin(k,1)],[ax_dpmin ax_dpmax],'g-'); 
    end 
  
    %Calculate significant points in the photodiode curve to calculate 
    %parameters of interst (ignition delay, combustion duration, etc) 
    xt = (0:0.0001:.008)'; 
    baseline = OH(1:SOI); 
    avgbase = mean2(baseline);  
           
    % fit line to max derivative of filtered OH signal 
    dOHf = gradient(sOH,dt); 
    slopef = dOHf(maxI(k,1)); 
    bf = sOH(maxI(k,1)) - slopef*t(maxI(k,1));  
    ytf = slopef*xt+bf; 
    IDf = (avgbase-bf)/slopef; 
        
    % fit line to min derivative 
130 
 
    slopeg = dOHf(minI(k,1)); 
    bg = sOH(minI(k,1)) - slopeg*t(minI(k,1));  
    ytg = slopeg*xt+bg; 
    IDg = (avgbase-bg)/slopeg;   
     
    %Plot lines to verify tangents to baseline are correct      
    fig3 = figure; 
    plot(t,OH,'k'); 
    hold all 
    plot([t(1) t(end)],[avgbase avgbase],'c') 
    plot(xt,ytf,'g--') 
    plot(xt,ytg,'r--') 
    plot(IDf,avgbase,'*') 
    plot(IDg,avgbase,'*') 
         
    %Calculate important parameters for each test 
     tau12(k,1) = IDf; 
     tau_comb(k,1) = IDg-IDf; 
     tau_d(k,1) = IDf - .0025; %.0025 is the measured injection time based on 
the IAV ROI analysis 
     
    %Wait to close figures before proceeding to next test 
    waitfor(fig1); 
    waitfor(fig2); 
    waitfor(fig3); 
    
    % Write output file - do this within the loop in case analysis crashes. 
    % At least you can salvage the analysis work done up to that point. 
    fid = fopen('output.txt','wt'); 
    fprintf(fid,'%s\t','Filename'); 
    fprintf(fid,'%s\t','tau1 + tau2'); 
    fprintf(fid,'%s\t','tau_comb'); 
    fprintf(fid,'%s\t','tau_d'); 
    fprintf(fid,'%s\n','index at t=0'); 
    for l=1:size(tau12,1)          
        fprintf(fid,'%s\t', ID{l}); 
        fprintf(fid,'%d\t %d\t %d\t 
%d\n',horzcat(tau12(l,1),tau_comb(l,1),tau_d(l,1),SOIout(l,1))); 
    end 
    fclose(fid); 
  
    k=k+1; 
end 
